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Abstract In this paper we introduce the concept of a new class of an ordered intuitionistic 
fuzzy bitopological spaces. Besides giving some interesting properties of these spaces. We also 
prove analogues of Uryshon’s lemma and Tietze extension theorem in an ordered intuitionistic 
fuzzy bitopological spaces. 
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-ed space. 
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81. Introduction 


The concept of fuzzy sets was introduced by Zadeh !!2], Fuzzy sets have applications in 
many fields such as information [°] and control [!, The theory of fuzzy topological spaces was 
introduced and developed by Chang '®!. The concept of fuzzy normal space was introduced by 
Bruce Hutton ©. Atanassov | introduced and studied intuitionistic fuzzy sets. On the oth- 
erhand, Coker [7 introduced the notions of an intuitionistic fuzzy topological space and some 
other concepts. The concept of an intuitionistic fuzzy a-closed set was introduced by Biljana 
Krsteshka and Erdal Ekici 4]. G. Balasubramanian 2! was introduced the concept of fuzzy G5 
set. Ganster and Relly used locally closed sets [8] to define LC-continuity and LC-irresoluteness. 
The concept of an ordered fuzzy topological spaces was introduced and developed by A. K. Kat- 


saras |9]. Later G. Balasubmanian [3) 


was introduced and studied the concepts of an ordered 
L-fuzzy bitopological spaces. In this paper we introduced the concepts of pairwise intuitionistic 
fuzzy Gs-a-locally T,-ordered space, pairwise intuitionistic fuzzy G5-a-locally T>-ordered space, 
weakly pairwise intuitionistic fuzzy Gs-a-locally T>-ordered space, almost pairwise intuitionis- 
tic fuzzy G5-a-locally T>-ordered space and strongly pairwise intuitionistic fuzzy Gs5-a-locally 


normally ordered space are introduced. Some interesting propositions are discussed. Urysohn’s 
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lemma and Tietze extension theorem of an strongly pairwise intuitionistic fuzzy G5-a-locally 
normally ordered space are studied and estabilished. 


§2. Preliminaries 


Definition 2.1.!7] Let X be a nonempty fixed set and J is the closed interval [0, 1]. An 
intuitionistic fuzzy set (IFS) A is an object having the form A = {(z, wa(x), ya(z)): we Xf, 
where the mapping 4: X —> I and y4: X —= I denote the degree of membership (namely 
jra(xz)) and the degree of nonmembership (namely y4(x)) for each element « € X to the set 
A respectively and 0 < wa(x) + ya(x) < 1 for each x € X. Obviously, every fuzzy set A ona 
nonempty set X is an IFS of the following form, A = {(z, a(x), 1— pa(x)): « € X}. For 
the sake of simplicity, we shall use the symbol A = (a, wa, ya) for the intuitionistic fuzzy set 
A={(a, pala), 1a(2)): 2 © X}. 

Definition 2.2.!7] Let X be a nonempty set and the JFSs A and B in the form A = 
{(x, pala), ral): © EX}, B= {(x, wale), y0(a)) : 2 © X}. Then 

(i) AC B iff wa(x) < wp(x) and ya(x) > ya(x) for all a € X, 

(ii) A= {(x, ya(a), wale): 2 eX}: 

Definition 2.3.1 The IF Ss 0~ and 1. are defined by 0.={(a, 0, 1): 2 € X} and 
1v={(x, 1, 0): we X}. 

Definition 2.4.!7] An intuitionistic fuzzy topology (IFT) on a nonempty set X is a family 
T of IF'Ss in X satisfying the following axioms: 

(i) OV, ln ET, 

(ii) GN Gg € 7 for any Gi, Go € 7, 

(iii) UG; € 7 for arbitrary family {G; | i © I} Cr. 

In this case the ordered pair (X, 7) or simply by X is called an intuitionistic fuzzy topo- 
logical space (IF T'S) on X and each IFS in T is called an intuitionistic fuzzy open set ([FOS). 
The complement A of an [FOS A in X is called an intuitionistic fuzzy closed set (I[FC'S) in 
Xx. 

Definition 2.5.!"| Let A be an IFS in IFTS X. Then 

int(A) = U{G | G is an IFOS in X and G C A} is called an intuitionistic fuzzy interior 
of A; 

cdA=(\{G| Gis an IFCS in X and G D A} is called an intuitionistic fuzzy closure of A. 

Definition 2.6.41 Let A be an JF'S of an IFTS X. Then A is called an intuitionistic 
fuzzy a-open set (IF'aOS) if A C int(cl(int(A))). The complement of an intuitionistic fuzzy 
a-open set is called an intuitionistic fuzzy a-closed set (IF'aC'S). 

Definition 2.7.!7] Let (X, rT) and (Y, ¢) be two IFTSs and let f : X — Y bea function. 
Then f is said to be fuzzy continuous iff the preimage of each JF'S in ¢ is an IF'S in T. 

Definition 2.8.'°! A L-fuzzy set ju in a fuzzy topological space X is called a neighbourhood 
of a point x € X, if there exists an L-fuzzy set pu with uw, < wand p(x) > 0. It can be shown 
that a L-fuzzy set 4 is open <=> yp is a neighbourhood of each x € X for which p(x) > 0. 

Definition 2.9." The L-fuzzy real line R(L) is the set of all monotone decreasing elements 
d € LF satisfying V{A(t) | t € R} = 1 and A{A(t) | t € R} = 0, after the identification of 
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A, w © LF iff \(t—) = w(t—) and A(t+) = p(t+) for all t € R where \(t—) = A{X(s) | s < t} 
and A(t+) = V{A(s) | s >t}. 

Definition 2.10.'°! The natural L-fuzzy topology on R(L) is generated from the subbasis 
{Li, Ri | t € R}, where Ly[A]=A(t—)! and Ry[A]=A(E+)’. 

Definition 2.11.'°! A partial order on R(L) is defined by [A] < [u] = A(t—) < w(t—) and 
A(t+) < (t+) for all t € R. 

Definition 2.12.'°! The L-fuzzy unit interval I(L) is a subset of R(L) such that [A] € I(L) 
if A(t) = 1 for 0 < t and X(t) = 0 for t > 1. It is equipped with the subspace L-fuzzy topology. 

Definition 2.13.'°! Let (X, 7) be an L-fuzzy topological space. A function f : X — R(L) 
is called lower (upper) semicontinuous if f~1(R:)(f~1(Lt)) is open for each t € R. Equivalently 


f is lower (upper) semicontinuous = it is continuous w. r. t the right hand (left hand) L- 
fuzzy topology on R(L) where the right hand (left hand) topology is generated from the basis 
{R, | t © R}({Ly | t © R}). Lower and upper semi continuous with values in I(L) are defined 
in the analogous way. 

Definition 2.14.'! A L-fuzzy set \ in a partially ordered set X is called 

(i) Increasing if « < y = > A(z) < A(y), 

(ii) Decreasing if « < y => A(x) > A(y). 

Definition 2.15.!2] Let (_X, T ) be a fuzzy topological space and \ be a fuzzy set in X. 
Then A is called fuzy G5 if A = A%2,A; where each A; € T. The complement of fuzzy G5 is 
fuzzy F. 

Definition 2.16.! A subet A of a space (X, 7) is called locally closed (briefly lc) if 
A=CND, where C is open and D is closed in (X, 7). 


§3. Ordered intuitionistic fuzzy G;-a-locally bitopological 


spaces 


In this section, the concepts of an intuitionistic fuzzy G5 set, intuitionistic fuzzy a-closed 
set, intuitionistic fuzzy Gs-a-locally closed set, upper pairwise intuitionistic fuzzy G5-a-locally 
T,-ordered space, lower pairwise intuitionistic fuzzy G5-a-locally T\-ordered space, pairwise 
intuitionistic fuzzy G5-a-locally T\-ordered space, pairwise intuitionistic fuzzy G5-a-locally 
T2-ordered space, weakly pairwise intuitionistic fuzzy G5-a-locally T>-ordered space, almost 
pairwise intuitionistic fuzzy Gs5-a-locally T>-ordered space and strongly pairwise intuitionistic 
fuzzy G'5-a-locally normally ordered space are introduced. Some interesting propositions and 
characterizations are discussed. Urysohn’s lemma and Tietze extension theorem of an strongly 
pairwise intuitionistic fuzzy G's5-a-locally normally ordered space are studied and estabilished. 

Definition 3.1. Let (X, T) be an intuitionistic fuzzy topological space. Let A = 
(x, 1A, YA) be an intuitionstic fuzzy set of an intuitionistic fuzzy topological space X. Then 
A is said to be an intuitionistic fuzzy Gs set (in short, JFG5S) if A = (\7=, Ai, where each 
A; € T and A; = (2, [44;, YA;)- 

The complement of intuitionistic fuzzy G5 set is said to be an intuitionistic fuzzy F, set 
(in short, [F'F;S). 
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Definition 3.2. Let (X, T) be an intuitionistic fuzzy topological space. Let A = 
(x, 1A, YA) be an intuitionistic fuzzy set on an intuitionistic fuzzy topological space (X, T). 
Then A is said be an intuitionistic fuzzy G5-a-locally closed set (in short, [F'G5-a-lcs) if 
A= BNC, where B is an intuitionistic fuzzy Gs set and C is an intuitionistic fuzzy a-closed 
set. 

The complement of an intuitionistic fuzzy G5-a-locally closed set is said to be an intuition- 
istic fuzzy G's-a-locally open set (in short, IF'G‘s-a-los). 

Definition 3.3. Let (X, T) be an intuitionistic fuzzy topological space. Let A = 
(x, WA, YA) be an intuitionistic fuzzy set in an intuitionistic fuzzy topological space (X, T). The 
intuitionistic fuzzy Gs-a-locally closure of A is denoted and defined by IF'G5-a-lcl(A)=(){B: 
B= (x, Up, Yp) is an intuitionistic fuzzy Gs-a-locally closed set in X and AC B}. 

Definition 3.4. Let (X, T) be an intuitionistic fuzzy topological space. Let A = 
(x, WA, YA) be an intuitionistic fuzzy set in an intuitionistic fuzzy topological space (X, T). The 
intuitionistic fuzzy G5-a-locally interior of A is denoted and defined by IF'G5-a-lint(A)=L{B: 
B= (2, up, Yp) is an intuitionistic fuzzy G5-a-locally open set in X and B C A}. 

Definition 3.5. An intuitionistic fuzzy set A = (x, wa, Ya) in an intuitionistic fuzzy 
topological space (X, T) is said to be an intuitionistic fuzzy neighbourhood of a point x € X, 
if there exists an intuitionistic fuzzy open set B = (x, ws, ye) with BC Aand B(x) DOV. 

Definition 3.6. An intuitionistic fuzzy set A = (x, wa, Ya) in an intuitionistic fuzzy 
topological space (X, T) is said to be an intuitionistic fuzzy G5-a-locally neighbourhood of a 
point « € X, if there exists an intuitionistic fuzzy G'5-a-locally open set B = (x, wp, ype) with 
BCAand B(x) D On. 

Definition 3.7. An intuitionistic fuzzy set A = (a, 14, Ya) in a partially ordered set 
(X, <) is said to be an 

(i) increasing intuitionistic fuzzy set if « < y implies A(x) C A(y). That is, wa(x) < pay) 
and y(x) 2 ya(y). 

(ii) decreasing intuitionistic fuzzy set if 2 < y implies A(z) D A(y). That is, wa(x) > wa(y) 
and ya(x) < ya(y). 

Definition 3.8. An ordered intuitionistic fuzzy bitopological space is an intuitionistic 
fuzzy bitopological space (X, 7, 72, <) (where 7; and 72 are intuitionistic fuzzy topologies on 
X ) equipped with a partial order <. 

Definition 3.9. An ordered intuitionistic fuzzy bitopological space (X, 7, T2, <) is said 
to be an upper pairwise intuitionistic fuzzy T,-ordered space if a, b € X such that a ¢ b, there 
exists an decreasing 71 intuitionistic fuzzy neighbourhood or an decreasing 72 intuitionistic fuzzy 
neighbourhood A of b such that A = (x, 4, ya) is not an intuitionistic fuzzy neighbourhood 
of a. 

Definition 3.10. An ordered intuitionistic fuzzy bitopological space (X, 71, T2, <) is said 
to be an lower pairwise intuitionistic fuzzy T,-ordered space if a, b € X such that a ¢ b, there 
exists an increasing 7, intuitionistic fuzzy neighbourhood or an increasing 72 intuitionistic fuzzy 
neighbourhood A of a such that A = (x, wa, ya) is not an intuitionistic fuzzy neighbourhood 
of b. 


Definition 3.11. An ordered intuitionistic fuzzy bitopological space (X, 71, 72, <) is 
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said to be an pairwise intuitionistic fuzzy T,-ordered space if and only if it is both upper and 
lower pairwise intuitionistic fuzzy T\-ordered space. 

Definition 3.12. An ordered intuitionistic fuzzy bitopological space (X, 71, 72, <) is 
said to be an upper pairwise intuitionistic fuzzy G's-a-locally T\-ordered space if a, b € X such 
that a < b, there exists an decreasing 7 intuitionistic fuzzy G5-a-locally neighbourhood or an 
decreasing 72 intuitionistic fuzzy Gs5-a-locally neighbourhood A = (x, 14, ya) of b such that 
A is not an intuitionistic fuzzy Gs-a-locally neighbourhood of a. 

Definition 3.13. An ordered intuitionistic fuzzy bitopological space (X, 71, 72, <) is 
said to be an lower pairwise intuitionistic fuzzy G5-a-locally T\-ordered space if a, b € X such 
that a < b, there exists an increasing 7, intuitionistic fuzzy G's-a-locally neighbourhood or an 
increasing 72 intuitionistic fuzzy G'5-a-locally neighbourhood A = (a, wa, 7a) of a such that 
A is not an intuitionistic fuzzy Gs-a-locally neighbourhood of b. 

Definition 3.14. An ordered intuitionistic fuzzy bitopological space (X, 71, 72, <) is 
said to be an pairwise intuitionistic fuzzy Gs-a-locally T,-ordered space if and only if it is both 
upper and lower pairwise intuitionistic fuzzy Gs-a-locally T\-ordered space. 

Proposition 3.1. For an ordered intuitionistic fuzzy bitopological space (X, 7), T2, <) 
the following are equivalent: 

(i) X is an lower (resp. upper) pairwise intuitionistic fuzzy Gs5-a-locally T;-ordered space. 

(ii) For each a, b € X such that a ¢ 6, there exists an increasing (resp. decreasing) 7; 
intuitionistic fuzzy Gs5-a-locally open set or an increasing (resp. decreasing) 72 intuitionistic 
fuzzy G's-a-locally open set A = (x, wa, ya) such that A(a) > 0 (resp. A(b) > 0) and A is not 
an intuitionistic fuzzy Gs-a-locally neighbourhood of b (resp. a). 

Proof. (i)=(ii) Let X be an lower pairwise intuitionistic fuzzy G'5-a-locally T,-ordered 
space. Let a, b € X such that a ¢ b. There exists an increasing 7 intuitionistic fuzzy G5-a- 
locally neighbourhood (or) an increasing 72 intuitionistic fuzzy Gs-a-locally neighbourhood A 
of a such that A is not an intuitionistic fuzzy Gs-a-locally neighbourhood of b. It follows that 
there exists an 7; intuitionistic fuzzy Gs-a-locally open set (i = 1 or 2), A; = (a, fa;, YA;) 
with A; C A and A;(a) = A(a) > 0. As A is an increasing intuitionistic fuzzy set, A(a) > A(b) 
and since A is not an intuitionistic fuzzy Gs-a-locally neighbourhood of b, A;(b) < A(b) implies 
A;(a) = A(a) > A(b) > A;(b). This shows that A; is an increasing intuitionistic fuzzy set and 
A; is not an intuitionistic fuzzy G5-a-locally neighbourhood of 6, since A is not an intuitionistic 
fuzzy Gs5-a-locally neighbourhood of b. 

(ii)=>(i) Since A, is an increasing 7; intuitionistic fuzzy Gs-a-locally open set or increasing 
T2 intuitionistic fuzzy G'5-a-locally open set. Now, A, is an intuitionistic fuzzy G5-a-locally 
neighbourhood of a with A;(a) > 0. By (ii), Ai is not an intuitionistic fuzzy G5-a-locally 
neighbourhood of b. This implies, X is an lower pairwise intuitionistic fuzzy G5-a-locally 
T\-ordered space. 

Remark 3.1. Similar proof holds for upper pairwise intuitionistic fuzzy G5-a-locally 
T,-ordered space. 

Proposition 3.2. If (X, ™, 72, <) is an lower (resp. upper) pairwise intuitionistic fuzzy 
Gs-a-locally T,-ordered space and 7 C Tf, T2 C 73, then (X, 71*, 72*, <) is an lower (resp. 
upper) pairwise intuitionistic fuzzy G>5-a-locally T\-ordered space. 
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Proof. Let (X, 7, T2, <) be an lower pairwise intuitionistic fuzzy G's-a-locally T;-ordered 
space. Then if a, b € X such that a < 6, there exists an increasing 7; intuitionistic fuzzy G5- 
a-locally neighbourhood or an increasing 72 intuitionistic fuzzy Gs-a-locally neighbourhood 
A= (a, wa, ya) of a such that A is not an intuitionistic fuzzy Gs-a-locally neighbourhood of 
b. Since 7 C Tf and 72 C 75. Therefore, if a, b € X such that a g b, there exists an increasing 
T* intuitionistic fuzzy G5-a-locally neighbourhood or an increasing 72* intuitionistic fuzzy 
Gs5-a-locally neighbourhood A = (x, fa, Ya) of a such that A is not an intuitionistic fuzzy 
Gs-a-locally neighbourhood of b. Thus (X, 71*, 72*, <) is an lower pairwise intuitionistic fuzzy 
G5-a-locally T-ordered space. 

Remark 3.2. Similar proof holds for upper pairwise intuitionistic fuzzy G5-a-locally 
T,-ordered space. 

Definition 3.15. An ordered intuitionistic fuzzy bitopological space (X, 71, 72, <) is 
said to be an pairwise intuitionistic fuzzy T2-ordered space if for a, b € X with a ¢ b, there 
exist an intuitionistic fuzzy open sets A = (a, ua, ya) and B= (a, we, ye) such that A is an 
increasing 7; intuitionistic fuzzy neighbourhood of a, B is an decreasing 7; intuitionistic fuzzy 
neighbourhood of b (i, 7 =1, 2andi#j) and ANB=0.,. 

Definition 3.16. An ordered intuitionistic fuzzy bitopological space (X, 7, T2, <) is said 
to be an pairwise intuitionistic fuzzy G5-a-locally T>-ordered space if for a, be X with a £ b, 
there exist an intuitionistic fuzzy G's-a-locally open sets A = (x, 1a, ya) and B = (x, ws, YB) 
such that A is an increasing 7; intuitionistic fuzzy G5-a-locally neighbourhood of a, B is an 
decreasing 7; intuitionistic fuzzy G'5-a-locally neighbourhood of b (i, 7 = 1, 2 and i ¥ j) and 
ANB=0jy. 

Definition 3.17. Let (X, <) bea partially ordered set. Let G={(z, ye XxX |a< 
y, y = f(x)} . Then G is called an intuitionistic fuzzy graph of the partially ordered <. 

Definition 3.18. Let (X, T) be an intuitionistic fuzzy topological space and A Cc X bea 
subset of X. An intuitionistic fuzzy characteristic function of A = (x, 4, ya) is defined as 


ieee if eA, 
On, if «ZA. 


Definition 3.19. Let A = (x, f4, ya) be an intuitionistic fuzzy set in an ordered 
intuitionistic fuzzy bitopological space (X, 71, 72, <). Then for i = 1 or 2, we define 


I,,-Gs—a-—li(A) = increasing 7; intuitionistic fuzzy Gs — a — locally interior of A 
= the greatest increasing 7; intuitionistic fuzzy Gs — a — locally 


open set contained in A. 


D,,-—Gs—a-—l(A) = decreasing 7; intuitionistic fuzzy Gs — a — locally interior of A 


= the greatest decreasing 7; intuitionistic fuzzy Gs — a — locally 


open set contained in A. 
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I,,-—Gs—a-—Ic(A) = increasing 7; intuitionistic fuzzy Gs — a — locally closure of A 
= the smallest increasing 7; intuitionistic fuzzy Gs — a — locally 


closed set containing in A. 


D,,—Gs—a-—Ic(A) = decreasing 7; intuitionistic fuzzy G5 — a — locally closure of A 
= the smallest decreasing 7; intuitionistic fuzzy Gs — a — locally 


closed set containing in A. 


Notation 3.1. (i) The complement of the characteristic function yg, where G is the 
intuitionistic fuzzy graph of the partial order of X is denoted by ya. 

(ii) I,,-G5-a-lc(A) is denoted by [;(A) and D,,-G'5-a-lc(A) is denoted by D;(A), where 
A = (x, 4, Ya) is an intuitionistic fuzzy set in an ordered intuitionistic fuzzy bitopological 
space (X, 71, 72, <), fori, j7=1, 2andi¥ 7. 

(iii) [,,-G5-a-li(A) is denoted by J;°(A) and D,,-G5-a-li(A) is denoted by D;°(A), where 
A = (x, a, YA) is an intuitionistic fuzzy set in an ordered intuitionistic fuzzy bitopological 
space (X, 71, 72, <), fori, j=1, 2andi4j. 

Proposition 3.3. For an ordered intuitionistic fuzzy bitopological space (X, 7), T2, <) 
the following are equivalent: 

(i) X is a pairwise intuitionistic fuzzy Gs-a-locally T>-ordered space. 

(ii) For each pair a, b € X such that a ¢ b, there exist an 7; intuitionistic fuzzy G's-a-locally 
open set A = (x, a, Ya) and 7; intuitionistic fuzzy G5-a-locally open set B = (x, wp, YB) 
such that A(a) > 0, B(b) > 0 and A(x) > 0, B(y) > 0 together imply that x < y. 

(iii) The characteristic function yg, where G is the intuitionistic fuzzy graph of the partial 
order of X is a r*-intuitionistic fuzzy G5-a-locally closed set, where 7* is either 7, x T2 Or T2 X Ty 
in X x X. 

Proof. (i)=(ii) Let X be a pairwise intuitionistic fuzzy G5-a-locally T2-ordered space. 
Assume that suppose A(x) > 0, B(y) > 0 and x < y. Since A is an increasing 7; intuitionistic 
fuzzy G's-a-locally open set and B is an decreasing 7; intuitionistic fuzzy G5-a-locally open 
set, A(x) < A(y) and B(y) < B(«). Therefore 0 < A(x) NM B(y) < Aly) NM B(x), which is a 
contradiction to the fact that AN B =0.. Therefore x £ y. 

(ii)>(i) Let a, b € X with a ¢ b, there exists an intuitionistic fuzzy sets A and B 
satisfying the properties in (ii). Since [;°(A) is an increasing 7; intuitionistic fuzzy G's5-a-locally 
open set and D,°(B) is an decreasing 7; intuitionistic fuzzy G5-a-locally open set, we have 
I,°(A) nN D;°(B)=0.. Suppose z € X is such that [,°(A)(z) N D;°(B)(z) >0. Then [;°(A) 
>0 and D,;°(B)(z) >0. Ifa <z<y, then x < z implies that D;°(B)(x) > D;°(B)(z) >0 and 
z<y implies that [,°(A)(y) > [,°(A)(z) >0 then D,°(B)(«) >0 and J;°(A)(y) >0. Hence by 
(ii), z £ y but then x < y. This is a contradiction. This implies that X is pairwise intuitionistic 
fuzzy G5-a-locally T>-ordered space. 

(i)= (iii) We want to show that yg is an 7* intuitionistionic fuzzy Gs-a-locally closed 
set. That is to show that y@ is an 7* intuitionistionic fuzzy G5-a-locally open set. It is 
sufficient to prove that yq@ is an intuitionistionic fuzzy Gs-a-locally neighbourhood of a point 
(x, y) € X x X such that yq (x, y) > 0. Suppose (a, y) € X x X is such that xq (a, y) > 0. 
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That is yg(z, y) < 1. This means xq(x, y) = 0. That is (x, y) ¢ G. That is x ¢ y. Therefore 
by assumption (i), there exist intuitionistic fuzzy G's-a-locally open sets A and B such that A 
is an increasing 7; intuitionistic fuzzy G5-a-locally neighbourhood of a, B is an decreasing 7; 
intuitionistic fuzzy Gs-a-locally neighbourhood of b (i, 7 = 1, 2 andi #4 j) and ANB=O0.w. 
Clearly Ax B is an IF'r* G5-a-locally neighbourhood of (x, y). It is easy to verify that Ax BC 
xq. Thus we find that xq is an T* I[F'G5-a-locally open set. Hence (iii) is established. 

(iii)>(i) Suppose x ¢ y. Then (2, y) ¢ G, where G is an intuitionistic fuzzy graph of the 
partial order. Given that yg is an 7* intuitionistic fuzzy Gs-a-locally closed set. That is ya 
is an T* intuitionistic fuzzy G5-a-locally open set. Now (x, y) ¢ G implies that ya(x, y) > 0. 
Therefore xq is an T* intuitionistic fuzzy G5-a-locally neighbourhood of (a, y) € X x X. 
Hence we can find that 7* intuitionistic fuzzy G5-a-locally open set A x B such that A x B 
C x@ and A is an 7; intuitionistic fuzzy G'5-a-locally open set such that A(x) > 0 and B 
is an 7; intuitionistic fuzzy Gs5-a-locally open set such that B(y) > 0. We now claim that 
I,°(A) 9 D;°(B)=0.. For if z € X is such that (1,°(A) MN D;°(B))(z)> 0, then I,°(A)(z) N 
D;°(B)(z) > 0. This means J;°(A)(z)> 0 and D,;°(B)(z)> 0. And ifa < z < b, then z < b 
implies that I;°(A)(b)> [,°(A)(z)> 0 and a < z implies that D,;°(B)(a)> D;°(B)(z)> 0. Then 
D;°(B)(a)> 0 and 1;°(A)(b)> 0 implies that a £ 6 but then a < b. This is a contradiction. 
Hence (i) is established. 

Definition 3.20. An ordered intuitionistic fuzzy bitopological space (X, 71, 72, <) is 
said to be a weakly pairwise intuitionistic fuzzy T>-ordered space if given b < a (that is b <a 
and b # a), there exist an 7; intuitionistic fuzzy open set A = (x, wa, YA) such that A(a) > 0 
and 7; intuitionistic fuzzy open set B = (x, we, YB) such that B(b) > 0 (2, j= 1, 2 andi #7) 
such that if 2, y € X, A(x) > 0, B(y) > 0 together imply that y < a. 

Definition 3.21. An ordered intuitionistic fuzzy bitopological space (X, 71, T2, <) is said 
to be a weakly pairwise intuitionistic fuzzy G5-a-locally T>-ordered space if given b < a (that is 
b<aand b¥# a), there exist an 7; intuitionistic fuzzy Gs-a-locally open set A = (a, wa, Ya) 
such that A(a) > 0 and 7; intuitionistic fuzzy G'5-a-locally open set B = (x, up, YR) such that 
B(b) > 0 (i, 7 =1, 2 andi ¥ 7) such that if, y © X, A(x) > 0, B(y) > 0 together imply 
that y < a. 

Definition 3.22. The symbol z || y means that « < y and y < a. 

Definition 3.23. An ordered intuitionistic fuzzy bitopological space (X, 71, 72, <) is 
said to be a almost pairwise intuitionistic fuzzy T2-ordered space if given a || b, there exist an 
7; intuitionistic fuzzy open set A = (a, fa, Ya) such that A(a) > 0 and 7; intuitionistic fuzzy 
open set B = (x, we, Ye) such that B(b) > 0 (i, 7 =1, 2 andi ¥ 7) such that if a, ye X, 
A(x) > 0 and B(y) > 0 together imply that x || y. 

Definition 3.24. An ordered intuitionistic fuzzy bitopological space (X, 7), T2, <) is said 
to be a almost pairwise intuitionistic fuzzy G'5-a-locally T>-ordered space if given a || b, there 
exist an 7; intuitionistic fuzzy G's-a-locally open set A = (%, ua, YA) such that A(a) > 0 and 
T; intuitionistic fuzzy G's-a-locally open set B = (x, we, ye) such that B(b) > 0 (i, j =1, 2 
and i # j) such that if x, y¢ X, A(x) > 0 and B(y) > 0 together imply that z || y. 

Proposition 3.4. An ordered intuitionistic fuzzy bitopological space (X, 71, 72, <) isa 


pairwise intuitionistic fuzzy G5-a-locally T-ordered space if and only if it is a weakly pairwise 
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intuitionistic fuzzy G's5-a-locally T>-ordered and almost pairwise intuitionistic fuzzy G5-a-locally 
T2-ordered space. 

Proof. Let (X, 71, 72, <) be a pairwise intuitionistic fuzzy Gs-a-locally T>-ordered space. 
Then by Proposition 3.3 and Definition 3.20 it is a weakly pairwise intuitionistic fuzzy G'5-a- 
locally Tp-ordered space. Let a || b. Then a ¢ b and b £ a. Since a ¢ b and X is a pairwise 
intuitionistic fuzzy G's5-a-locally T>-ordered space. We have 7; intuitionistic fuzzy G5-a-locally 
open set A = (x, fa, YA) and 7; intuitionistic fuzzy G5-a-locally open set B = (xz, we, YB) 
such that A(a) > 0, B(b) > 0 and A(x) > 0, B(y) > 0 together imply that x ¢ y. Also 
since b £ a, there exist 7; intuitionistic fuzzy G5-a-locally open set A*=(x, a~, Yax) and 7; 
intuitionistic fuzzy G5-a-locally open set B*=(x%, ue~, ye) such that A*(a) > 0, B*(b) > 0 
and A*(x) > 0, B*(y) > 0 together imply that y £ x. Thus J;°(A/N A*) is an 7; intuitionistic 
fuzzy G5-a-locally open set such that [;°(AN A*)(a) > 0 and I;°(BNM B*) is an 7; intuitionistic 
fuzzy G5-a-locally open set such that [;°(BM B*)(b) > 0. Also [;°(AM A*)(x) > 0 and 
I,°(BN B*)(y) > 0 togetherimply that x || y. Hence X is a almost pairwise intuitionistic fuzzy 
G5-a-locally T5-ordered space. 

Conservely, let X be a weakly pairwise intuitionistic fuzzy G>5-a-locally To-ordered and 
almost pairwise intuitionistic fuzzy G5-a-locally T>-ordered space. We want to show that X is 
a pairwise intuitionistic fuzzy G5-a-locally T>-ordered space. Let a ¢ b. Then either b < a or 
b £a. Ifb <a then X being weakly pairwise intuitionistic fuzzy Gs-a-locally T>-ordered space, 
there exist 7; intuitionistic fuzzy Gs-a-locally open set A and 7; intuitionistic fuzzy G's-a-locally 
open set B such that A(a) > 0, B(b) > 0 and such that A(z) > 0, B(y) > 0 together imply 
that y <a. That isa ¢ y. If b £a, then a || b and the result follows easily since X is a almost 
pairwise intuitionistic fuzzy G'5-a-locally T>-ordered space. Hence X is a pairwise intuitionistic 
fuzzy G5-a-locally T>-ordered space. 

Definition 3.25. Let A= (a, a, ya) and B = (x, wp, yp) be intuitionistic fuzzy sets 
in an ordered intuitionistic fuzzy bitopological space (X, 7), 72, <). Then A is said to be an 
7; intuitionistic fuzzy neighbourhood of B if B C A and there exists 7; intuitionistic fuzzy open 
set C = (a, ic, Yc) such that BC CCA (t=1 or 2). 

Definition 3.26. Let A= (a, 4, ya) and B = (x, wp, yp) be intuitionistic fuzzy sets 
in an ordered intuitionistic fuzzy bitopological space (X, |, 72, <). Then A is said to be an 7; 
intuitionistic fuzzy Gs-a-locally neighbourhood of B if B C A and there exists 7; intuitionistic 
fuzzy Gs-a-locally open set C = (x, pwc, yc) such that BC CCA (¢=1 or 2). 

Definition 3.27. An ordered intuitionistic fuzzy bitopological space (X, 71, 72, <) is 
said to be a strongly pairwise intuitionistic fuzzy Gs-a-locally normally ordered space if for 
every pair A = (x, a, Ya) is an decreasing 7; intuitionistic fuzzy Gs-a-locally closed set and 
B= (a, tp, YR) is an decreasing 7; intuitionistic fuzzy G5-a-locally open set such that A C B 
then there exist decreasing 7; intuitionistic fuzzy G5-a-locally open set Aj=(a, f1a,, Ya,) Such 
that AC A; C D,(A1) C B (i, j =1, 2andiF¥ 7). 

Proposition 3.5. An ordered intuitionistic fuzzy bitopological space (X, 71, 72, <) the 
following are equivalent: 

(i) (X, m1, 72, <) is a strongly pairwise intuitionistic fuzzy Gs-a-locally normally ordered 
space. 
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(ii) For each increasing 7; intuitionistic fuzzy G'5-a-locally open set A = (a, fua, Ya) and 
decreasing 7; intuitionistic fuzzy Gs-a-locally open set B = (x, we, YB) with A C B there 
exists an decreasing 7; intuitionistic fuzzy Gs-a-locally open set A; such that A C A; C IFG5- 
a-lcl,,(A1) C B (i, 7 =1, 2 andi¥ J). 

Proof. The proof is simple. 

Definition 3.28. Let (X, 71, 72, <) be an ordered intuitionistic fuzzy bitopological space. 
A function f : X — R(J) is said to be an 7; lower” (resp. upper*) intuitionistic fuzzy Gs-a- 
locally continuous function if f~'(R;) (resp. f~1(L4)) is an increasing or an decreasing 7; (resp. 
T;) intuitionistic fuzzy Gs-a-locally open set, for each t € R (i, j = 1, 2 andi F J). 

Proposition 3.6. Let (X, 71, 72, <) be an ordered intuitionistic fuzzy bitopological 
space. Let A = (#, fa, ya) be an intuitionistic fuzzy set in X and let f : X — R(J) be such 
that 


1; if t<0, 
F(x)(t)= 4 A(z), if Uses 
0, if t> 1. 


for all x € X. Then f is an 7; lower" (resp. 7; upper”) intuitionistic fuzzy Gs5-a-locally contin- 
uous function if and only if A is an increasing or an decreasing 7; (resp. 7;) intuitionistic fuzzy 
G5-a-locally open (resp. closed) set (i, 7 = 1, 2 andi # J). 


Proof. 
1, if t <0, 
f-'\(Ri)=¢ A(z), if O<t<1, 
0, if t >. 


implies that f is an 7; lower” intuitionistic fuzzy Gs-a-locally continuous function if and only 


if A is an increasing or an decreasing 7; intuitionistic fuzzy G5-a-locally open set in X. 


i, if t<0O, 
f(t) = ¢ A(z), if O<t<1, 
0, if t>1. 


implies that f is an 7; upper* intuitionistic fuzzy G's-a-locally continuous function if and only if 
A is an increasing or an decreasing 7; intuitionistic fuzzy G'5-a-locally closed set in X (i, 7 = 1, 2 
and i # 9). 

Proposition 3.7. (Uryshon’s lemma) An ordered intuitionistic fuzzy bitopological 
space (X, |, 72, <) is a strongly pairwise intuitionistic fuzzy Gs-a-locally normally ordered 
space if and only if for every A = (x, wa, Ya) is an decreasing 7; intuitionistic fuzzy closed set 
and B = (x, wp, zp) is an increasing 7; intuitionistic fuzzy closed set with A C B, there exists 
increasing intuitionistic fuzzy function f : X — I such that A C f~1(Zi) C f7!(Ro) C Band f 


is an 7; upper* intuitionistic fuzzy G'5-a-locally continuous function and 7; lower” intuitionistic 


fuzzy Gs-a-locally continuous function (7, 7 =1, 2 andi # J). 

Proof. Suppose that there exists a function f satisfying the given conditions. Let C = 
(x, co, Yo)=f71(Z4) and D = (a, up, ypo)=f~1(R:) for some 0 < t < 1. Then C € 7; 
and D € 7; and such that A C C C D C B. It is easy to verify that D is an decreasing 
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Tj intuitionistic fuzzy G's-a-locally open set and C’ is an increasing 7; intuitionistic fuzzy G'5- 
a-locally closed set. Then there exists decreasing 7; intuitionistic fuzzy G'5-a-locally open 
set C, such that C C C, C D,(C\) C D (i, j = 1, 2 andi ¥ J). This proves that X 
is a strongly pairwise intuitionistic fuzzy G5-a-locally normally ordered space. Conversely, 
let X be a strongly pairwise intuitionistic fuzzy G5-a-locally normally ordered space. Let 
A be an decreasing 7; intuitionistic fuzzy G's-a-locally closed set and B be an increasing 7; 
intuitionistic fuzzy Gs5-a-locally closed set. By the Proposition 3.6, we can construct a collection 
{C; |t € I} C7;, where C = (2, wo,, Yo,), t € I such that A C C; C B, IFG5-a-Icl,,(C,) C Cy 
whenever s < t, AC Cp C, = Band C; = Ow for t < 0, Cy = 1, fort > 1. We define a function 
f: X >I by f(x)(t) = Ci_1(a). Clearly f is well defined. Since A C C\_; C B, fort € I. We 
have A C f~'(Zy) C f~!(Ro) C B. Furthermore f~'(R:) = U,e1_;Cs is an 7; intuitionistic 
fuzzy G5-a-locally open set and f~'(Li) = (\,54-4Cs = Mesi_4lFG5-a-lel,,(Cs) is an 7; 
intuitionistic fuzzy G5-a-locally closed set. Thus f is an 7; lower™ intuitionistic fuzzy G5-a- 
locally continuous function and 7; upper* intuitionistic fuzzy G5-a-locally continuous function 
and is an increasing intuitionistic fuzzy function. 

Proposition 3.8. (Tietze extension theorem) Let (X, ™, 72, <) be an ordered 
intuitionistic fuzzy bitopological space the following statements are equivalent: 

(i) (X, ™, 72, <) is a strongly pairwise intuitionistic fuzzy Gs-a-locally normally ordered 
space. 

(ii) If g, h: X — R(J), g is an 7; upper* intuitionistic fuzzy Gs-a-locally continuous 
function, h is an 7; lower™ intuitionistic fuzzy G5-a-locally continuous function and g C h, 
then there exists f : X — R(J) such that g C f Ch and f is an 7; upper* intuitionistic fuzzy 
G5-a-locally continuous function and 7; lower” intuitionistic fuzzy G5-a-locally continuous 
function(?, 7 =1, 2 andi J). 

Proof. (ii)=>(i) Let A= (x, wa, ya) and B = (a, we, ype) be an intuitionistic fuzzy 
Gs-a-locally open sets such that A C B. Define g, h: X — R(J) by 


1, if t <0, 
g(x)(t) = 4 A(z), tf Gee, 
0, if t>1. 
and 
1, if t <0, 
A(z)(t)= ¢ B(a), if O<t<1, 
0, if t> 1. 


for each « € X. By Proposition 3.6, g is an 7; upper* intuitionistic fuzzy G5-a-locally continuous 
function and h is an 7; lower” intuitionistic fuzzy G5-a-locally continuous function. Clearly, 
g © h holds, so that there exists f : X — R(L) such that g C f C h. Suppose t € (0, 1). 
Then A = g-1(Ri) C f-1(R:) C fot (Zi) C A714 (Lt) = B. By Proposition 3.7, X is a strongly 


pairwise intuitionistic fuzzy G's-a-locally normally ordered space. 
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(i)=(ii) Define two mappings A, B: Q— I by A(r) = A, = h7-1(R,) and B(r) = 
B, = g \(L,), for all r € Q (Q is the set of all rationals). Clearly, A and B are monotone 
increasing families of an decreasing 7; intuitionistic fuzzy Gs5-a-locally closed sets and decreasing 
T; intuitionistic fuzzy G5-a-locally open sets of X. Moreover A, C B, ifr <r’. By Proposition 
3.5, there exists an decreasing 7; intuitionistic fuzzy G5-a-locally open set C = (x, pwc, Yc) such 
that A, C IF'G5-a-lint,,(C,), IF'Gs-a-lcl,,(C,) C IF G5-a-lint,,(C,), IFG5-a-lcl,,(C,) C 
By whenever r <r’ (r, r’ € Q). Letting Vi = (),.<,C, for t € R, we define a monotone 
decreasing family {V; | t © R} C I. Moreover we have IF'G5-a-Icl,,(V;) C IF G5-a-lint,, (V5) 
whenever s < t. We have, 


Uv = UNG2UNB=UNs *G=Us =r (UW) 


teR teRr<t teRr<t teRr<t teR teR 
= la. 


Similarly, Mcp Vi = O~. Now define a function f : (X, 71, T, <) — R(L) satisfying the 
required conditions. Let f(«)(t) = V;(a), for all z © X and t € R. By the above discussion, 
it follows that f is well defined. To prove f is an 7 upper* intuitionistic fuzzy G5-a-locally 
continuous function and 7; lower” intuitionistic fuzzy G'5-a-locally continuous function (i, 7 = 
1, 2 andi ¥ j). Observe that U,.,Vs =U, 5,1FGs-a-lint,,(Vs) and (),.,Vs = Mes FGs-a- 
Icl,,(V;). Then f-1(Rz) = Uses. Vs = Uses, 1 FGs-a-lint,,(Vs) is an increasing 7; intuitionistic 
fuzzy G5-a-locally open set. Now f~!(Li) = (gaz Vs = Nesp 1F'G5-0-Icl;, (Vs) is an decreasing 
T; intuitionistic fuzzy G's-a-locally closed set. So that f is an 7; upper* intuitionistic fuzzy G’s-a- 
locally continuous function and 7; lower” intuitionistic fuzzy G5-a-locally continuous function. 
To conclude the proof it remains to show that g C f Ch. That is g-1(Z,) C fo-(LZ4) C hh (Lt) 
and — c a C h~'(R;) for each t € R. We have, 

=()9 *@)=(1)s C= SNile=1e=ar 

s<t s<tr<s s<tr<s s<tr<s s<t 
and 

1) == ANE SANE=N NH) = NG =. 
s<t s<tr<s s<tr<s s<tr<s s<t 


Similarly, we obtain 


=(Je*2)=UUe'*G=UUeecUUG=Ueer'*® 


s>t s>tr>s s>tr>s s>tr>s s>t 
and 
= % = UGS UU =U Ue) = Ue) = 1. 
s>t s>tr>s s>tr>s s>tr>s s>t 


Hence the proof. 

Proposition 3.9. Let (X, ™, 72, <) be a strongly pairwise intuitionistic fuzzy G5-a- 
locally normally ordered space. Let A € 7; and A € 72 be crisp and let f : (A, 7|/A, 72/A) > I 
be an 7; upper* intuitionistic fuzzy G5-a-locally continuous function and 7; lower* intuitionistic 
fuzzy G5-a-locally continuous function (i, 7 = 1, 2 andi # j). Then f has an intuitionistic 
fuzzy extension over (X, 7), 72, <) (that is, PF: (X, m1, 72, <) > J). 

Proof. Define g: X — I by 


Vol. 8 A view on separation axioms in an ordered intuitionistic fuzzy bitopological space 


13 


g(a) = f(a), if ce A; g(x) =[Ao], if cg A 
and also define h: X — I by 
h(a) = f(x), if we A; h(x) =[Aj], if cA. 
where [Ao] is the equivalence class determined by Ag: R— I such that 
Ao(t)=1,n, if t<0; Ao(t)=O0., if t>0 
and [Aj] is the equivalence class determined by Aj: R— JI such that 


Ai(t)=1n, if t<1; Aj(t)=O0., if t>1. 


g is an 7; upper* intuitionistic fuzzy G5-a-locally continuous function and h is an 7; lower* 
intuitionistic fuzzy Gs-a-locally continuous function and g C h. Hence by Proposition 3.8, 
there exists a function F': X — I such that F is an 7; upper* intuitionistic fuzzy G5-a-locally 


continuous function and 7; lower intuitionistic fuzzy G5-a-locally continuous function and 
g(x) C h(a) C f(x) for all « € X. Hence for all « € A, f(x) C F(x) C f(x). So that F is an 


required extension of f over X. 
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Abstract In this paper will be accomplished by presenting the following se- 
1 
quence spaces {« Gy? P-limgp og pet" (((m +n)! |tmn|)™ ) = o} and 
al, 
{« € A? : supp.g ooo Dono Che" f (|amn|™* ) < oof, where f is a modulus function and 
A is a nonnegative four dimensional matrix. We shall established inclusion theorems between 
these spaces and also general properties are discussed. 
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81. Introduction 


Throughout w, x and A denote the classes of all, gai and analytic scalar valued single 


sequences, respectively. 


positive integers. Then, w 


We write w? for the set of all complex sequences (%mn), where m, n € N, the set of 


2 


multiplication. 


is a linear space under the coordinate wise addition and scalar 


Some initial works on double sequence spaces is found in Bromwich |!, Later on, they 


were investigated by Hardy '!, Moricz !!71, Moricz and Rhoades !!*], Basarir and Solankan |, 


Tripathy 2°, Colak and Turkmenoglu !!, Turkmenoglu 7], and many others. 


Let us define the following sets of double sequences: 


M,, (6) := { (enn) Ew’: sup Leeper < oo, 


m, nEN 


Cy (t) = { (enn) Ew: p-lim |2mn — [ind =1 forsomel€ cl ‘ 


m, noo 


Cop (t) = {(¢nn) Ew: p -lim ena — i}, 


m, noo 
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Lu (t) = { (tn) €w?s 3 3 bemal'™ < oo, 


Cop (t) = Cp (t) al Ma (t) and Cobp (t) = Cop (t) al Mua (t), 


where t = (tmn) is the sequence of strictly positive reals t,, for all m, n € N and p - 
limm, noo denotes the limit in the Pringsheim’s sense. In the case tm, = 1 for all m, n € 
N; Mu (t), Cp (t), Cop (t), Lu (t), Cop (t) and Copp (t) reduce to the sets Mu, Cp, Cop, Lu, Cop 
and Copp, respectively. Now, we may summarize the knowledge given in some document re- 
lated to the double sequence spaces. Gdkhan and Colak 278] have proved that M,, (t) and 
Cy (t) , Cyp (t) are complete paranormed spaces of double sequences and gave the a-, 3-, 7- duals 
of the spaces M,, (t) and Cy, (t). Quite recently, in her PhD thesis, Zelter 9! has essentially 
studied both the theory of topological double sequence spaces and the theory of summability 
of double sequences. Mursaleen and Edely ®°! have recently introduced the statistical conver- 
gence and Cauchy for double sequences and given the relation between statistical convergent 
and strongly Cestiro summable double sequences. Nextly, Mursaleen ®"] and Mursaleen and 
Edely [2] have defined the almost strong regularity of matrices for double sequences and ap- 
plied these matrices to establish a core theorem and introduced the M-core for double sequences 
and determined those four dimensional matrices transforming every bounded double sequences 
x = (x;,,) into one whose core is a subset of the M-core of x. More recently, Altay and Basar el 
have defined the spaces BS, BS (t), CS», CSpp, CS, and BV of double sequences consisting of 
all double series whose sequence of partial sums are in the spaces M,,, M,,(t), Cp, Cop, Cr and 
Ly, respectively, and also examined some properties of those sequence spaces and determined 
the a-duals of the spaces BS, BY, CS», and the ((W)-duals of the spaces CS,, and CS, of 
double series. Quite recently Basar and Sever 4) have introduced the Banach space Ly of 
double sequences corresponding to the well-known space ¢, of single sequences and examined 
some properties of the space Ly. Quite recently Subramanian and Misra [35] have studied the 
space x%,(p, q, u) of double sequences and gave some inclusion relations. 

Spaces are strongly summable sequences were discussed by Kuttner [47], Maddox [8] and 
others. The class of sequences which are strongly Cesaro summable with respect to a modulus 
was introduced by Maddox !!4] as an extension of the definition of strongly Cestiro summable 
sequences. Connor |) further extended this definition to a definition of strong A-summability 
with respect to a modulus where A = (a,x) is a nonnegative regular matrix and established 
some connections between strong A-summability, strong A-summability with respect to a mod- 
ulus, and A- statistical convergence. In [45] the notion of convergence of double sequences was 
presented by A. Pringsheim. Also, in [46] — [49] and [50] the four dimensional matrix trans- 
formation (Ax), » = oya1 Don n1 2ke"@mn was studied extensively by Robison and Hamilton. 
In their work and throughout this paper, the four dimensional matrices and double sequences 
have real-valued entries unless specified otherwise. In this paper we extend a few results known 
in the literature for ordinary (single) sequence spaces to multiply sequence spaces. This will be 
accomplished by presenting the following sequence spaces: 


" € x7 : hm S- So any" f (((m+n)! [eran|) | = o 


m=0 n=0 
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and 


Co co 7 
" € A? : sup S- S- axe f (zeal | < ~} 
k, @ 


m=0 m=0 


where f is a modulus function and A is a nonnegative four dimensional matrix. Other impli- 
cations, general properties and variations will also be presented. 
We need the following inequality in the sequel of the paper. For a, b>0 and0<p<1, 
we have 
(a+b)? < a? + BP. (1) 


The double series pee XLmn is called convergent if and only if the double sequence (8 nn) 
is convergent, where 8nn = Do) j-1 Lig(m, m € N) (see [1)). 


1/m+n 


A sequence & = (2m) is said to be double analytic if sup,,,,, |Umn| < oo. The vector 


space of all double analytic sequences will be denoted by A?. A sequence x = (2m) is called 


LP th wey m, n — co. The double gai sequences 


double gai sequence if ((m+n)! |@mn|) 
will be denoted by x7. Let ¢ = {all finite sequences} . 

Consider a double sequence a = (a;;). The (m, n)*” section a!" of the sequence is defined 
by alr] — ee x; 3%; for all m, n € N; where 9;; denotes the double sequence whose only 


non zero term is a yin the (2, a" place for each i, 7 EN. 


1 

An F'K-space . a metric space X is said to have AK property if (Smn) is a Schauder 
basis for X. Or equivalently 2!" x. 

An F'DK-space is a double sequence space endowed with a complete metrizable; locally 
convex topology under which the coordinate mappings x = (x) > (mn)(m, n € N) are also 
continuous. 

Orlicz |] used the idea of Orlicz function to construct the space (L™) . Lindenstrauss and 
Tzafriri "°l investigated Orlicz sequence spaces in more detail, and they proved that every Orlicz 
sequence space £;, contains a subspace isomorphic to é, (1 < p < oo). subsequently, different 
classes of sequence spaces were defined by Parashar and Choudhary !7!, Mursaleen et al.!"4], 
Bektas and Altin ®), Tripathy et al.?, Rao and Subramanian [8], and many others. The 
Orlicz sequence spaces are the special cases of Orlicz spaces studied in [9]. 

Recalling [16] and [9], an Orlicz function is a function M: [0, 00) — [0, co) which is 
continuous, non-decreasing, and convex with M (0) = 0, M (a) > 0, for « > 0 and M (a) > co 
as x — oo. If convexity of Orlicz function M is replaced by subadditivity of M, then this 
function is called modulus function, defined by Nakano |) and further discussed by Ruckle !1° 
and Maddox |] and many others. 

An Orlicz function M is said to satisfy the A-condition for all values of u if there exists 
a constant K > 0 such that M(2u) < KM (u)(u>0). The A>-condition is equivalent to 
M (tu) < KLM (u), for all values of u and for @ > 1. 

Lindenstrauss and Tzafriri [!° used the idea of Orlicz function to construct Orlicz sequence 


space 


ty ={oews & (2) <0e, for some p>}, 
k=1 
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The space €yy7 with the norm 
Ila = ing {p>0: = M (Hs!) < if, 
k=1 7 


becomes a Banach space which is called an Orlicz sequence space. For M (t) = t? (1 < p< ov), 
the spaces £j, coincide with the classical sequence space ¢,. 

If X is a sequence space, we give the following definitions: 

(i) X = the continuous dual of X, 


Co 


(ii) X° = {" =(dmn): >> |@mn®%mn| < 00, for each x € if ; 


mn=l1 


Co 
(iti) X° = 4 a=(Gmn): SS Gmn2mn is convegent, for each x € 4 : 


m,n=1 


M,N 
(iv) XT = 4 a=(dmn):sup>1} SS Amn%mn| < 00, for each x € Xp, 
mn m,n=1 


(v) Let X be an FK-space > ¢; then Xf = { F(Smn) if ¢€ x}, 


Gi? = {a = (dmn) : SUP |dmn2mnl/"*” < co, for each x € x} ; 


X®, X8, X7 are called a- (or Kéthe-Toeplitz) dual of X, 3 (or generalized-K éthe-Toeplitz) 
dual of X, y- dual of X, 5- dual of X respectively. X° is defined by Gupta and Kamptan 4), 
It is clear that x* C X® and X* C X7, but X° C X7 does not hold, since the sequence of 
partial sums of a double convergent series need not to be bounded. 

The notion of difference sequence spaces (for single sequences) was introduced by Kizmaz 
[36] as follows 


Z (A) = {a = (te) Cw: (Ary) € Z}, 


for Z = c, co and €.,, where Ax, = X% — Xe41 for all k € N. Here w, c, cp and @, denote 
the classes of all, convergent, null and bounded sclar valued single sequences respectively. The 
above spaces are Banach spaces normed by 


I|2|| = |zi| + sup |Az,|. 
k>1 


Later on the notion was further investigated by many others. We now introduce the following 
difference double sequence spaces defined by 


Z(Aj={e— (Gin) ev? + (Attia) EZ}, 


fi = 2 2 _ _ 
where Z = A > Xx and Atmn — (Lei a Lmn+1) a (Gein —_ Lmtint1) = Imn — mnt 
Lmtin + €m+in4i for allm, n€N. 


§2. Definitions and preliminaries 


Throughout the article w? denotes the spaces of all sequences. 3%, and A}, denote the 
Pringscheims sense of double Orlicz space of gai sequences and Pringscheims sense of double 
Orlicz space of bounded sequences respecctively. 
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Definition 2.1. A modulus function was introduced by Nakano |*]. We recall that a 
modulus f is a function from [0, co) > [0, oo), such that 

(i) f (x) = 0 if and only if x = 0, 

(ii) f(@ty) < f(x) + f(y), foralc>0, y 20, 

(iii) f is increasing, 

(iv) f is continuous from the right at 0. Since |f (x) — f (y)| < f (\a — y|), it follows from 
condition, 

(v) that f is continuous on [0, 00). 

Definition 2.2. Let p, g be semi norms on a vector space X. Then p is said to be stronger 
that qg if whenever (1m) is a sequence such that p(%mn) — 0, then also ¢(%mn) — 0. If each 
is stronger than the others, the p and q are said to be equivalent. 

Lemma 2.1. Let p and q be semi norms on a linear space X. Then p is stronger than q if 
and only if there exists a constant M such that q(x) < Mp(a) for all x € X. 

Definition 2.3. A sequence space E is said to be solid or normal if (Qmn%mn) € E 
whenever (mn) € FE and for all sequences of scalars (Q@mn) with |Qmn| <1, for allm, n EN. 

Definition 2.4. A sequence space EF is said to be monotone if it contains the canonical 
pre-images of all its step spaces. 

Remark 2.1. From the two above definitions it is clear that a sequence space E is solid 
implies that EF is monotone. 

Definition 2.5. A sequence FE is said to be convergence free if (Y%nn) € E whenever 
({mn) € E and &mn = 0 implies that ymn = 0. 

By the gai of a double sequence we mean the gai on the Pringsheim sense that is, a double 
sequence % = (%mn) has Pringsheim limit 0 (denoted by P-lim x=0) such that ((m+ 7)! |@mn|) 
7 = 0, whenever m, n € N. We shall denote the space of all P- gai sequences by y?. The 
double sequence = is analytic if there exists a positive number M such that | jx | FF < M for 
all j and k. We will denote the set of all analytic double sequences by A?. 

Throughout this paper we shall examine our sequence spaces using the following type of 
transformation: 

Defintion 2.6. Let A = (az?) denote a four dimensional summability method that maps 
the complex double sequences x into the double sequence Ax where the k, & th term to Az is 


as follows: 


oo 00 
(Ar)ne = D7 dD aR Lmn, 
m=1n=1 
such transformation is said to be nonnegative if a/7”" is nonnegative. 

The notion of regularity for two dimensional matrix transformations was presented by Sil- 
verman and Toeplitz and [51] and [52] respectively. Following Silverman and Toeplitz, Robison 
and Hamilton presented the following four dimensional analog of regularity for double sequences 
in whcih they both added an adiditional assumption of boundedness. This assumption was made 
because a double sequence which is P-convergent is not necessarily bounded. 

Definition2.7. The four dimensional matrix A is said to be RH-regular if it maps every 
bounded P-gai sequence into a P-gai sequnece with the same P-limit. 
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In addition to this definition, Robison and Hamilton also presented the following Silverman- 
Toeplitz type multidimensional characterization of regularity in [50] and [46]: 
Theorem 2.1. The four dimensional matrix A is RH-regular if and only if 
RA, : ae ayy” = 0 for each m and n, 
RH: P-lim 3 3 ary” =1, 
kf teat 


RH3: ie lim > |az7"| = 0 for each n, 


m=1 


Co 
RH: P-lim > |a?7"| =0 for each m, 
ke pat 


co co 
RHs: > >> av” is P-convergent and 
m=1n=1 
RHg : there exist positive numbers A and B such that > |aZy"| < A. 
m, n>B 


Definition 2.8. A double sequence (a%m,,) of complex numbers is said to be strongly 
A-summable to 0, if P-limg, ¢ 0m, n Ge” (m+ 0)! |tmn — 0|) = =0. 

Let o be a one-one mapping of the set of positive integers into itself such that o(n) = 
a(o™—!(n)), m=1, 2, 3, --- . A continuous linear functional ¢ on A? is said to be an invariant 
mean or a o-mean if and only if 

(i) d(x) > 0 when the sequence x = (@mn) has 2mn > 0 for all m, n. 

(ii) ¢(e) = 1 where 


1, 1, 1 
i. a i 

C= ? 
1, 1 1 


y] ? 


(iii) O({@o(m),o(n) }) = O({@mn}) for all x € A?. 
For certain kinds of mappings o, every invariant mean @ extends the limit functional on the 
space C of all real convergent sequences in the sense that ¢(x)=lim « for all « €C' consequently 
CCV, where V, is the set of double analytic sequences all of those o- means are equal. 

If x = (mn), set Tx = (Tx) Vt" = (Lo(m), o(n))- It can be shown that 


m—- co 


a {x eEA?: im tegktayr® = Le uniformly inn, LD = o-lim(tmn)/™h, 
where 


tinn(Z) = Par . (2) 


We say that a double analytic sequence x = (am) is o- convergent if and only if a € V,. 
Definition 2.9. A double analytic sequence 7 = (%mn) of real numbers it said to be o- 
convergent to zero provided that 


pq 1 
P- lim>- ey | (4), om(e)|° te" = 0, uniformly in (k, £). 
Pp, 4q m=l1n=1 
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In this case we write o2- lim x=0. We shall also denoted the set of all double o-convergent 
sequences by V?. Clearly V2 c A?. 

One can see that in contrast to the case for single sequences, a P-convergent double se- 
quence need not be o-convergent. But, it is easy to see that every bounded P-convergent 
double sequence is convergent. In addition, if we let o(m) = m-+1 and a(n) =n+1 in then 
o-convergence of double sequences reduces to the almost convergence of double sequences. 


The following definition is a combination of strongly A-summable to zero, modulus function 


and o-convergent. 


Definition2.10. Let f be a modulus, A = (a77”") be a nonnegative RH-regular summa- 
bility matrix method and 


1;.. ds 1 
le. ks 1 
e= 
1, 1 
We now define the following sequence spaces: 
rare Oe D) 
1 
= {rex x* : P- aim > st ane’) f ((a™ (k) +a” (£))! |x (4), on(e)|)° +e") -oh 
m=0 n=0 
A’ (A, f) 
1 
= {= eA? ag 3 37 ayy’) f (|2om (4), on ( prem < ~| . 
m=0 n=0 


If f (x) = a then the sequence spaces defined above reduce to the following: 


x? (A) 
= frex? P- aim J eh are”) (k) +o" (€))! |z2om (4) ,0n(6)|) OPO -o} 
m=0 n=0 
and 
A? (A) 
- fren sp ane’) (|Lom(k), o” (|) Orrw <oo}. 
m=0 n=0 


Some well-known spaces are defined by specializing A and f. For example, if A = (C, 1, 1) the 
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sequence spaces defined above reduces to x? (f) and A? (f) respectively 


x? (f) 
, ioe ; 
= {rex Pim), hace +o" ©)! frome, nm =o, 
m=0 n=0 
A? (f) 
k-1 €-1 : 
= fren sup eee) 7 | am (% mel 
m=0 n=0 


As a final illustration, let A = (C, 1, 1) and f (x) = a, we obtainthe following spaces: 


k-1 @-1 
* 1 m n Stk) ESTO 
= ( ext: Plies De De (oH) +0" O)! tome, once|) MMO = | 


and 
1-1 


k— 
1 aR Fa") 
ke | om( (k), o” (| < 0O 
m=0 n=0 


A? = fren Py 


§3. Main results 


In this section we shall establish some general properties for the above sequence spaces. 

Theorem 3.1. ,?(A, f) and A?(A, f) are linear spaces over the complex filed C. 

Proof. We shall establish the linearity x? (A, f) only. The other cases can be treated in 
a similar manner. Let x and y be elements in x?(A, f). For \ and y in C there exist integers 
My and N,, such tht |A] < My and |u| < N,. From the conditions (ii) and (iii) of Definition 
2.1, we granted the following 


1 
3 57( (aze") ™ (k) + fo (£))! [Atom (x), on () + LYo™(k), one) |) Fal (L) 
m=0 n=0 
< My 3 5 (axe") ™ (k) +07 (€))! |Zom(K), on(e)|) POT 
m=0 n=0 
ee ee 
+ SCAR") F ((o™ +2" (OD! fom, ono) MO, 
m=0 n=0 


for all k and @. Since x and y are y?(A, f), we have Ax + py € x7(A, f). Thus y?(A, f) isa 
linear space. This completes the proof. 
Theorem 3.2. y?(A, f) is a complete linear topological spaces with the the paranorm 


= ae eee 
g(x) =sup > Yo (age) f (|tom(ay, on (e)|) OO. 
k£ m=0n=0 


Proof. For each x € y7(A, f), g(x) is exists. Clearly g(@#) = 0, g(—a) = g(x), and 
g(x@+y) <g(x)+g (y). We now show that the scalar multiplication is continuous. Now observe 
the following: 


g (Ar) = Sup 3 %, (age) Ff ([Atom(n), on(|) PPO < (1+ [A]) 9 (2). 


22 N. Subramanian, U. K. Misra and Vladimir Rakocevic No. 1 


ul 1 
Where [Ia a™(n)Fe"() | denotes the integer part of |A|7"™™+e"© . In addition observe that 


g(x) and \ approahces 0 implies g (Az) approaches 0. For fixed 4, if 2 approaches 0 then g (Ax) 


approaches 0. We now show that for fixed x, \ approaches 0 implies g (Ax) approaches 0. Let 
ceEyx7(A, f ) kis 


i a » > (axe) f ((om (k) +o" (€))! [om cny, on(o|) = ) est: 


m=0 n=0 


If JA] IST < land M EN we have: 


3 or axe’) I ((( ™ (k) +a” (£))! A|acgm(n), on(o|) OO ) 


m=0 n=0 


< + Yew f(((o™ (B) +0" O)! Azam, ance) ) 


m<M n<M 
ee ee 
+ 3 i age’) t((( ™ (k) +a" (€))! A]Zom(K, on(e)|) ROE ) 
m>M n>M 
Let «€ > 0 and choose N such that 


52 aR") F (Ce) +2 O)! [oma ance) MOM) « & (3) 


m=0 n=0 
for k, €> N. Also for each (k, 2) with 1<k< N,1 << N, and since 


3 wr age) t(((e ™(k) +0" (£))! |aom(ny, on(o|) "| < og, 


m=0 n=0 


there exists an integer M;,¢ such that 
n —————— E 
SY ERY ((o™ WH +0" OY! [tom e.ono|) ™M™) < 5. 
m>Mx,0n>My,0 
Taking M = infi<k<n(or)i<e<n {Mz,e}, we have for each (k, £2) with 1<k<Norl<é<N. 


SS Ys (Co &) +0 (O)! [tome,encol) ™™) < § 


m>Mn>M 
Also from (3), for k, € > N we have 


OY GR) F((o™ &) +0")! |zom@, om(ol) ™™) < S 


m>M n>M 
Thus M is an integer independent of (k, @) such that 
n =e € 
> pe (ane") f(((e ™ (k) +0" (£))! |tom(ny, on(ey|) wm) so (4) 
m>M n>M 


Further for |\|7"™72" < 1 and for all (k, 2), 


3 x axe’) t((( ™(k) +0" (0)! [Atomce), onta|) Or | 


m=0 n=0 


S S- poe aye) I ((( ™ (k) +0” (£))! [Azam (i), on(o|) Oe ) 


m>M n>M 


+ S- S- (axe) f (((c ™(k) +o" (€))! |Atomcny, an(o|) OO) 


m<M n<M 
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For each (k, €) and by the continuity of f as \ — 0 we have the following: 


YY ate) F (Co) +0" OE [tome oncol) OM). 


m<M n<M 


1 
Now a choose 6 < 1 such that |A|7"™™+e"® < 6 implies 


YS (ae?) F (Co &) +0" (O)! tomy, onl) PM) <5) 


m<M n<M 


It follows that > S (are) f ((o™ (k) +0” (£))! |Axgm (i), on(o|) "| < e for all 


(k, £). Thus 608) = "0 as A — 0. Therefore y?(A, f) is a paranormed linear topological 
space. 

Now let us show that y?(A, f) is complete with respect to its paranorm topologies. Let 
(xs,,) be a cauchy sequence in x?(A, f). Then, we write g(z* — xt) + 0 as s, t — ov, to 
mean, as s, t > oo for all (k, 2), 


1 
n s o™ (k)+o"(2) 
3 ay (axe") 1 (( ™ (k) +o” (£))! Lom(k), or() — aes, (|) ) =. (6) 
m=0 n=0 


Thus for each fixed m and n as s, t > oo. We are granted 
f (m+n)! |i — Zmnl) > 0 


and so (x%,,,) is a cauchy sequence in C for each fixed m and n. Since C is complete as s — oo 
we have 2%,,, > Umn for each (mn). Now from Definition 2.9, we have for « > 0 there exists a 
natural numbers N such that 


SY ews ((omw+or oy 


m=0 n=0 


<6, 


Ss t ST LSND 
Zom(k), a(t) — Yom(k), a” (£) 


s, t>N 


for (k, €). Since for any fixed natural number M, we have from Definition 2.10, 


1 
Hg m n s o™ (k)+o™ (£) 
S- pa (axe”) £((c (kK) +a" (Q))! |aemcay, once) — Sore), =|) ) <€, 


m<M n<m 


s, t>N 


for all (k, 2). By letting t — oo in the above expression we obtain 


1 
n s o™ (k)+oa™(e) 
~ YM a 1 (( ™(k) +a" (6)! |@emcny, om(e) — Tom (k), -"(0}) )<e 


m<M n<m 


s>N 


Since M is arbitrary, by letting IM — oo we obtain 


by 
n s o™(k)ta™ (2) 
3 5 (axe”) 1 (( ™(k) +0" (£))! |xome), om(e) — Lom(k), on(o|) ) <€, 


m=0 n=0 
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for all (k, 2). Thus g(x*— 2) — 0 as s — oo. Also (#*) being a sequence in y?(A, f) be 
definition of x? (A, f) for each s with 


all 
mn m n Ss ST) FaTE) 
x2 ee ((c () +a" (O)! |aam(ay, on(e) — Fam (h), -"(0}) - ) +0 


m=0 n=0 


as (k, £) — oo thus x € x?(A, f). 
This completes the proof. 
Theorem 3.3. Let A = (a77”) be nonnegative matrix such that 


aup 3 s (ane) < 


m=0 n=0 


and let f be a modulus, then y?(A, f) C A?(A, f). 
Proof. Let xz € x? (A, f). Then by Definition 2.1 of (ii) and (iii) of the modulus function 
we granted the following: 


> wy aye’) t((( ™ (k) +0” (£))! | com (i), on(o|) "OO ) 


m=0 n=0 
S- Ss (eo &) + M )! [arom ce), on(e 9 —0|) ™O" + f ([0)) 3 x axe”) 
m=0 n=0 m=0 n=0 


There exists an integer N, such that |0| < N,. Thus we have 


S235 Cain") F (((o™ Ck) +0” (0) [tome oncg|) ™™) 


m=0 n=0 
YF ((o™ +6 O)! zee ay onc ~ O) MM) + NFS SAP) 
m=0n=0 m=0 n=0 
Since es 
sup S- S- (ape”) < co 
ke m=0 n=0 


and x € x7(A, f), we are granted x € A?(A, f) and this completes the proof. 
Theorem 3.4. Let A = (a77”) be nonnegative matrix such that 


and let f be a modulus, then A? (A) c A? (A, f). 
Proof. Let x € A? (A), so that 


a ape” | 2m (k), on(e)|? ( © < oo. 
ke 


m=0 n=0 


Let € > 0 and choose 6 with 0 < 6 < 1 such that f (t) < € for 0 < t < 6. Consider, 
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[oe) CO ‘i: 
mn om ore 

aw" s (leom ny, on |" ) 

m=0 n=0 
CO [oe) 1 

= >, alt" f (|eom(ny, ong| OF | 
m=0 n=0 


eam (k), 0 (€)| TOURTEET UD < 5 


CO 


ns 1 
mn o™ (k)+a™(£) 
OS » Ane (|eomay, an(e)|7 Uren’ | 


m=0 n=0 


tam (k), oP (6)| FREI > 5 


Then 

co co 7 

mn STR FeT Oy 
> Me ae f (|tomey, on (ef m)< e> . 
m=0 tO m=0 n=0 
1 
oT (kytoat (ey 
leam(x), on(e)| 7 (R)+o™ (EC) <6 

For 


1 
o™(k)+toa™(L) 
|Zom(K), or( | PFO > 6, 


we use the fact that 


a 
CEST) < [tom (&), onl” ule |zom cK), on(e)| 


ape. 


a eee 
aT (k)-FaT(C) 


|Zom(k), on (e)|7™ ; rae 0 


(7) 


where [t] denoted the integer part of t and from conditions (ii) and (iii) of Definition 2.1, 


modulus function we have 

1 
1 ” np | ome) FaF 
SE) < zo (k), (| f 
> 6 


f ([eomcy, on(l) 


Jom (ay, on(o)| POT 


< 2f (1) — 
Hence 
» y apo ff (|zom (x, og re | 
m=0 —_ 


jzamn|™MTn > § 


1 
mn o™(k)+a™() 
< 27) 5 Salt |2om (4), on(e 0 (Ce) For (hy 


m=0 n=0 


which together with inequality (7) yields the following 


3 So af" - o” (|? RE 


m=0 n=0 


(1) 


=< ss Say aKe +2 a aS 3 ake” |@om(k), on(e)| TEST 


m=0 n=0 m=0 n=0 
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Since 


and x € A?(A), we are granted that « € A?(A, f) and this completes the proof. 

Definition 3.1. Let f be modulus a7," be a nonnegative RH-regular summability matrix 
method. Let p = (pmn) be a sequence of positive real numbers with 0 < pPmn < sup Pmn = G 
and D = max (1, 2¢~1). Then for dn, bmn € N, the set of comples numbers for all m, n € N, 
we have 


lamn + Pmanl™* < D{amnl™* + [bal ™* 


Let (X, qg) be a semi normed space over the field C of complex numbers with the semi norm q. 
We define the following sequence spaces: 


x (ALT Pe) 
ay Pmn 
= next: Pelim > (op?) [1 (a((0" () +0" (0)! [tema anenl) 
m=0 n=0 

=0, 

AP (A, fp, @ y 
=xeEA?: op ane” )[r (a (|zam (i), a col) meres | 
Des m=0 n=0 


Theorem 3.5. Let f; and fz be two modulus. Then y? (A, fi, p, g)x7(A, fe, p, g) C 
x7 (A, fit fo, DP, 9). 

Proof. The proof is easy so omitted. 

Remark 3.1. Let f be a modulus q; and gz be two seminorm on X, we have 

Ox, fom ate yf, ee) Sx (A, Ff, By i +), 

(ii) If q, is stronger than qg then x? (A, f, p, 1) C x7(A, Ff, D, 92), 

(iii) If q. is equivalent to qo then x?(A, f, p, m1) =x7(A, f, D, q2)- 

Theorem 3.6. Let 0 < Pmn < mn for all m, n € 5 and let { gush be bounded. Then 
CA hy) Sx At ee oe: 


Proof. Let 
xe x7 (A, f; r, q), 
PH ae) [F(a (0 (B) +0" O)! [tome ona |) mer (8) 
m=0 n=0 


Let 


mn 


tn = 92 3> aR") [F (a((o" (8) +0" O)! [omy anto|) |", (9) 


m=0 n=0 
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we have Ynn = Pmn/Tmn- Since Pinn STmn, we have 0 < mn <1. Let 0< 7 < mn: then 


tmn, if (tmn = 1), 
Umn = 
0, if mn <1), 
0, u (ten 2 1 ’ 
Umn _— 
tin, if (tan < 1) 
tmn =Umn +Umn, time = ulm tyme. (10) 
Now, it follows that 
user < tmn Stn UR <S Ulin: (11) 
Since 
time = umn + yimn we have 027" < tin + Upin- 
Thus, 


a Ymn 


py ey ae) f q((a™ (k) +o” (£))! |atamcxy, om (0) )aranrorey 


1 Tmn 
a ((0" (k) +0" (0)! fram, ancl) OO J] 


lA 
lag: 
Me 
& 
s 
SY 


— 1 NN Tm Pmn/Tmn 
q((o™ (k) +0" (2)! |om(e), on(o)|) OPO 


Tmn 


pune nT: Scene, 
q ((o”™ (k) lle o” (£))! Tom(k), on £) ) o™ (k)+o™ (2) 


IA 

os 

iM 
— 
SY 


m=0 n=0 

s 1 _d\ 1 Pmn 
DoD aR) [F (a (Co BH) +0" (O)! [tam (a, om(e)|) PO 

m=0 n=0 


Tmn 


) 
) 
) 
) 
) 
) 


q((o™ (k) +o” (2)! |Zom(ny, om(ey|) FO 


IA 

M4 

iM 
= 
Ss 


m=0 n=0 
But 
Pm 2, 2 oe) [7 (((" (k) +0" (€))! |%om(K), Ol aaa | © =O 
Therefore we have 
P-li ot a) [7 ( (( ™ (k) +07 (£))! | [) wrmteres |?" 0 
Py ra ane q\\o o 1 |rom(k), o”(£) _~0. 


m=0 n=0 


Hence 
xe x? (A, ds P, q)- (12) 
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From (8) and (12) we get x € x7(A, f, 7, dQ Cre x7(A, f, p, @)- 
Theorem 3.7. The space x € x?(A, f, p, q) is solid and a such are monotone. 


Proof. Let (mn) € « € x?(A, f, p, g and (Amn) be a sequence of scalars such that, 
lQmn| <1 for all m, n € N. Then 


Yet f (a((o" (k) +0" (2)! |Omn®om(K), ong |) me" |” 
< S y (as) [F (a ((o™ (B) +0" (O)! [om cy, once) PP ) |" N, 

Yo > ca f (a((o" (k) +o" (€))! |omnZom(n), on(o|) mr | | 
= D> [F(a ((o™ (ke) +0" (0)! tome, ong |) mmr 


for all m, n € N. This completes the proof. 
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Abstract The main purpose of this paper is using the elementary method to study the 
hybrid mean value properties of the Smarandache kn digital sequence with SL(n) function 
and divisor function d(n), then give two interesting asymptotic formulae for it. 
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§1. Introduction and results 


For any positive integer k, the famous Smarandache kn-digital sequence a(k,n) is defined 
as all positive integers which can be partitioned into two groups such that the second part is k 
times bigger than the first. For example, Smarandache 3n digital sequences a(3,n) is defined 
as {a(3,n)} = {13, 26, 39, 412,515, 618, 721, 824,---}, for example, a(3,15) = 1545. In the 
reference [1], Professor F. Smarandache asked us to study the properties of a(k,n), about this 
problem, many people have studied and obtained many meaningful results. In [2], Lu Xiaoping 
studied the mean value of this sequence and gave the following theorem: 


n 9 
= -InN + O(1). 
>» a(5,n)  50In10 wy 


In [3], Gou Su studied the hybrid mean value of Smarandache kn sequence and divisor 
function o(n), and gave the following theorem: 


a(n) 3x7 
= -] O(1 
Daa k-20-1n10 ee) 
where 1 <k <9. 

Inspired by the above conclusions, in this paper, we study the hybrid mean value properties 


of the Smarandache kn-digital sequence with SL(n) function and divisor function d(n), where 


1This work is supported by Scientific Research Program Funded by Shaanxi Provincial Education Depart- 
ment(No. 11JK0470). 
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SL(n) is defined as the smallest positive integer k such that n|[1,2,...,4], that is SL(n) = 
min{k: k € N,n|[1,2,...,k]}. And obtained the following results: 

Theorem 1.1. Let 1 < k < 9, then for any real number x > 1, we have the asymptotic 
formula 


SL(n) 3x? 


n<ux 


Theorem 1.2. Let 1 < k < 9, then for any real number x > 1, we have the asymptotic 
formula 


n)- n me 
> d( a ) == 5G -Inlng + O(1). 


n<ux 


§2. Lemmas 


Lemma 2.1. For any real number x > 1, we have 


2 ee ee 


2 
= In* x 


Proof. For any real number x > 1, by reference [4] we have the asymptotic formula 


Te" ie? 


n<u 


Using Abel formula (see [6]) we get 

YD = elie Ole) +f al et Ole)) 4 
- =. ce (=) . 5 a a eel (ee it) 

6 Te ua (22) 

Lemma 2.2. For any real number x > 1, we have 


tg 10() 


2 
nee In* x 


hee lA 


This proves Lemma 2.1. 


Proof. For any real number x > 1, by reference [5] we have the asymptotic formula 


a(n) -$L(n) = = = o( ). 


n<x 
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Using Abel formula (see [6]) we get 
d(n) - SL(n) 1fx* x [ Lia ¢ i? 
= : O(| —- O dt 
Ds n z\36 Inz ” In? x " , 2 \36 Int = In? ¢ 


l<n<a 
wt og x wt f? 1 "1 
= ; +O dt +O —z— dt 
36 Ing (a2)+%/ Int “* (/ In? t ) 


This proves Lemma 2.2. 


§3. Proof of the theorems 


In this section, we shall use the elementary and combinational methods to complete the 
proof of our theorems. We just prove the case of k = 3 and k = 5, for other positive integers 


we can use the similar methods. 


First we prove theorem 1.1. Let & = 3, for any positive integer x > 3, there exists a positive 
integer M such that 


33 °++33 <a < 33---33. 
— VS 
M M+1 


So 


10) 1-39 2 10" =I, 


Then we have 


In 3x 1 In 3x2 1 
< 26 
mio: 0 (sq) SiS F10 0 (sur) (1) 


By the definition of a(3,n) we have 


EBS - DAS Ee EBD 
. a fon 


M+2 : 
irae n(10 + 3) 
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Form (1), (2) and lemma 2.1 we get 


Lok 
SSN SL(n) > SL(n) > SL(n) 
k - (10% ~ - (10% 
ere n- (10* + 3) ere n- (10% + 3) jae n- (10% + 3) 
ee Br tg 2 
6 10* +3 In(3 - 10*) k2 
3n7 1 1 
= « e 3 
3-20 =+0(z) ) 
1 
Note that the identity » >z= n /6 and the asymptotic formula 
n 
n=1 
1 1 
S- ;=mM+y7+0 (3) ' 
1<k<M 
where ¥ is Euler’s constant. 
Form (1), (2) and (3) we get 
3 33 333 3-10 —1 
SL(n) Ss SL(n) 2 3 SL(n) 3 SL(n) ee SL(n) 
24, a(n) ~ 24 a(8n) ) 24 a,n) 24 an) i OD 
SL 
+4 S- (n) 


Now we prove the case of k = 5, for any positive integer x > 1, there exists a positive 
integer M such that 


200---00 <x <199---99. 
—_e —_e 
M M-+1 


So 


10” <5a2<10”t!_5, 


Then we have 


On the hybrid mean value of the Smarandache kn digital sequence with SL(n) function 
Vol. 8 and divisor function d(n) 35 


By the definition of a(5,n) we have 


> SL(n) 7 SE) Ss SL(n) > SL(n) ose SL(n) 
Snkn H5,7) “+ a(5,n)  Sal5,n) 4, a(5,n) ern a(5,n) 
SL(n) 
ees 
#-10@<n<a 
ae SL(n) Ss SL(n) 3 SL(n) 
“+ n(10+5) © 44 n(10? +5) © Ay n(103 +5) © 
n > SL(n) > SL(n) 5) 
a, WOO) n(loMt? + 5)" 
n=-5-10M-1 510M <n<zx 
Form (4), (5) and lemma 2.1 we get 
o> SL(n) | > SL(n) > SL(n) 
: n-(10* +5) n+ (10* + 5) n- (10* + 5) 
n=¢-10k-1 #-10*-1 4-108-1 
_ 3710-510? 1 -o(2 
6 10* +5 In(# - 10*) k2 
3n2 1 1 
7 595° + (Ga) 
Similar to the proof k = 3, we get 
> SL(n) 57 Sn) .3 SL(n) > SU(m) oil SL(n) 
Sree U5") <4 a(5,n)  Sal5,n) 4% a(5,n) petaga 1 H5,7) 
SL(n) 
ok aa 
4-10/@ <n<x 
7 3 am 1G ee 
5-20 k° k2 
k=1 k=1 
2 
ae a InIna + O(1). 


By using the same methods, we can also prove that the theorem holds for all integers 
1<k<9Q. This completes the proof of theorem 1.1. 

Similar to the proof of theorem 1.1, we can immediately prove theorem 1.2, we don’t 
repeated here. As the promotion of this article, we can consider the hybrid mean value of 
Smarandache kn sequence with other functions such as SL*(n), Sdf(n), 0(S(n)), Q(S*(n)), and 
obtain the corresponding asymptotic formula. 
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81. Introduction 


We denote by J the normalized duality mapping from X into 2*” by 
I(a) ={f EX": (x, f) = |lall? = IIFIl?4, 


where X* denotes the dual space of X and (.,.) denotes the generalized duality pairing. 
Definition 1.1.!!5] A mapping T: X — X with domain D(T) and R(T) in X is called 
strongly pseudocontractive if for all x, y € D(T), there exist j(x—y) € J(~—y) and a constant 
k € (0, 1) such that 
(Te —Ty, j(a—y)) < kia — yl’. 


Closely related to the class of strongly pseudocontractive operators is the important class 
of strongly accretive operators. It is well known that T is strongly pseudo-contractive if and 
only if (I — T) is strongly accretive, where I denotes the identity map. Therefore, an operator 
T: X — X is called strongly accretive if there exists a constant k& € (0, 1) such that 


(Tx —Ty, j(@—y)) = kllx — yll?, 


holds for all z, y € X and some j(x — y) € J(a— y). These operators have been studied and 
used by several authors (see, for example [13-20]). 

The Mann iteration scheme ", introduced in 1953, was used to prove the convergence of 
the sequence to the fixed points of mappings of which the Banach principle is not applicable. In 


1974, Ishikawa [7] devised a new iteration scheme to establish the convergence of a Lipschitzian 


38 Adesanmi Alao Mogbademu No. 1 


pseudocontractive map when Mann iteration process failed to converge. Noor et al. [13] 


, gave the 
following three-step iteration process for solving non-linear operator equations in real Banach 
spaces. 

Let K be a nonempty closed convex subset of X and T: K — K be a mapping. For an 


arbitrary to € K, the sequence {xp }°29 C K, defined by 


Lngi = (1—an)an + anTYyn, 
Yn = (1 ad Bn )En + BnT Zn, 
tn = (1 =e) tania ne 0, (1) 


where {an}, {Gn }SUo and {yn}2o are three sequences in [0,1] for each n, is called the 
three-step iteration (or the Noor iteration). When y, = 0, then the three-step iteration reduces 
to the Ishikawa iterative sequence {1 }°2, C K defined by 


Engi = (1—an)tn + anT yn, 
Yn = (1—Bn)an + BnT tn, n> 0. (2) 


If Bp = Yn = 0, then (1) becomes the Mann iteration. It is the sequence {%,}%29 C K 
defined by 


Ung = (1—an)an t+ anTrn, n> 0. (3) 


Rafig [5], recently studied the following of iterative scheme which he called the modified 
three-step iteration process, to approximate the unique common fixed points of a three strongly 
pseudocontractive mappings in Banach spaces. 

Let T,, T2, T3: K — K be three mappings. For any given zp € K, the modified three-step 
iteration {t,}°°9 C K is defined by 


Intl = (1 = QAn)Ln + AnT Yn, 
Yn = (1 as Bale + ByT2zn, 
en = (1 _ lon TT In T32n, nr = 0, (4) 


where {Q,}°29, {Bn} and {yn }P2o are three real sequences satisfying some conditions. It 
is clear that the iteration schemes (1)-(3) are special cases of (4). 

It is worth mentioning that, several authors, for example, Xue and Fan !"71, and Olaleru and 
Mogbademu |"4] have recently used the iteration in equation (4) to approximate the common 
fixed points of some non-linear operators in Banach spaces. 

In this paper, we study the following iterative scheme f(T1,Un,%n) involving a strong 
pseudocontraction T; and a sequence {vp }°2,9 in X: vo © X. 


Intl = FO Oat) 
(L—Qn)in + anTivn, n> 0, (5) 


where {a@,,}°2 is a real sequence in [0, 1] to approximate the unique fixed point of a continuous 


strongly pseudocontractive map. 
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This iteration scheme is called unified iteration scheme because it unifies all the iterative 
schemes mentioned therein. For example: 

(i) Its gives the Mann iteration as a special case when uv, = %n, (n > 0) and T; = T (see 
Mann {9]). 

(ii) If vp = yn where yn = (1 — By)an + BnTo%, and T, = Tz = T we have the Ishikawa 
iterative scheme (see, Ishikawa [7]). 

(iii) If vn = yn where yn = (1— Bn)tn + BnTo2n,; Zn = (L— Yn) en + InT3en and Ty = To = 
T3 = T we have the Noor iterative scheme defined in (1). 

(iv) If v = Yn where yn = (1 — Bn)an + BrT22n, 2n = (1 — Yn)an + YnT3tn we have the 
modified Noor iterative scheme recently studied by Rafiq !!°!, Xue and Fan !!7] and Olaleru and 
Mogbademu "41, 

Moreover, we show that this unified iterative scheme can be used to approximate the 
common fixed points of a family of three maps. Thus, our results are natural generalization of 
several results. 

In order to obtain the main results, the following Lemmas are needed. 

15,16] Let E be real Banach space and J: E — 2”" be the normalized 


duality mapping. Then, for any z, ye E 


Lemma 1.1.! 


Ie +yll? < lle? +2<y, ety) >, Vile+y) €I(e+y). 


Lemma 1.2.!'9] Let (a;,) be a non-negative sequence which satisfies the following inequal- 
ity 
Wn+1 < (i = An) Wn alr dn; 


where A, € (0, 1), Vn EN, pee An = 00 and 6, = o(A,). Then limp. an = 0. 


§2. Main results 


Theorem 2.1. Let X be a real Banach space, K a non-empty, convex subset of X and 
let J; be a continuous and strongly pseudocontractive self mapping with pseudocontractive 
parameter & € (0, 1). For arbitrary zp € K, let sequence {x }°29 be define by (5) where 
{a,}°2, is a sequence in [0, 1] satisfying the conditions: 


fo. e) 
lim a, = 0, Sm =o. 
n—co 
n=1 
If 
Tin = T1241 — 0, 


as n — oo, then the sequence {2,,}°2, converges strongly to a unique fixed point of T, € K. 

Proof. The existence of a common fixed point follows from the result of Deimling (1978), 
and the uniqueness from the strongly pseudocontractivity of T;. Since T; is strongly pseudo- 
contractive, then there exists a constant k such that 


(Tix — Try, j(a—y)) < hile — yl’. 


40 Adesanmi Alao Mogbademu No. 1 


Let p be such that Tip = p. From Lemma 1.1, we have 


lI@nt1 — pl? = (@n41 — 0, 5(@n41 — p)) 
(b> oe + AnTiUn — (1 — On) p — On; j(@n41 — p)) 
((1 — Qn)(@n — p) + On(Tivn — p)s5(@n41 — P)) 
= ((1—an)(an — p),5(@n+1 — p)) 


+(an(Tivn = P), J(@n41)) 
= (1 _ On) (Ln — pg ena = p)) 


Tan (Ti Un —_ T1n41,5(@n41 —_ p)) 


+On(Titn41 — P,j(Zn41 — p))- (6) 
By strongly pseudocontractivity of T;, we get 
On (T1241 — Pp; j(ta44) < Ank||tn41 = pl’, 


for each j(@n41 — p) € J(@n41 — p), and a constant k € (0, 1). 


From inequality (6) and inequality ab < cee we obtain that 


1 
(1 = an)[lan = pllllenta — ell < 50 — an)|lan — pl? + lena — ell? (7) 


and 


1 
An||Tivn — Tien +41||/2n41 — ell S 5 (|[Zivn T1241? + o%||2n+1 — pl’). (8) 


Substituting (7) and (8) into (6), we infer that 


lItnt1 all? <5 ((L—an)*ll2n — nll? + [ltnts — ell’) 


1 

2 
1 

+5 (Tien = Teecall" + O? |lan4t — ell’) 


+0ink|2n41 — pll?. (9) 


Multiplying inequality (9) by 2 throughout, we have 


2\|tn41— all? < (1 en)*llaen — all? + lenti — ll? + ITP Yn — TP tn gall? 


+07 ||Zn41 — pll? + 2ankllandi — pll?. 
By collecting like terms ||zp+41 — p||? and simplifying, we have 
(1 — 2ank — af) |len+1 — pll? < (1 — an)? len — pll? + [Tien — Titn41ll?. 


Since limp—soo[1 — 2ank — a?| = 1 > 0, there exists a positive integer No such that 
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Al 


1—2a,k — a2 > 0 for n > No. Then the inequality above implies that 


(Daa 
1 — 2a,k — a2 


|TiUn — Ti@n41 \|? 


dial 
Ian — pl? + 


II=n41 — all? < 


(1 — 2a, + a2 —1+2kay + 02) , 
< (14 n 
< | Ft a - ol 
(tn — Treas ||? 
"1 2ank — a2 
2a, ((1 ~ k) + Qn) 2 |Tv _ T12n41|7 
a a ee 
2an(1 = k) 2 |Tivn ar T12n41\|7 
< i } 
< ( f=2e,8—02 |” ell 1 — 2ank — a2 


[Tim — Tien 4al|? 
1— 2a,k — a2 
[Tin — Tien4al|? 
1 — 2a,k — a2 


< (1—2an(1—k))||2n — pl|? 4 


< (1-an(1—))|l2n — ell? 4 


It follows from (10) that, 


Tien — Titn41||? 
1— 2a,k — a2 


IItnta — pl? < (1-anr)|len — pl? 4 


where r = (1—k) € (0, 1). Put An = Tan, Wn = ||2n — pll?, On = ee 


Thus, Lemma 1.2 ensures that limp—co ||@n — p|| = 0. This completes the proof. 


’ Yn > no, 


(10) 


(11) 


Theorem 2.2. Let X, T; and {x,}?2,) be as in Theorem 2.1. Suppose {a,}729 is a 


sequence in [0,1] satisfying conditions of Theorem 2.1 with 


an >m>O0, Vn > 0, 


where m is a constant. Then the sequence {z,,}°°, converges to the unique fixed point of T; 


and 
lItn — ell? < (—mr)|len-1 — pl? +M 
< (1—mr)||zo — pl|? + <A yy, 


for all n > 0, which implies that 


llt@n — pll < (1 — mr)||ao — pll? 4 


where M = supz—5z i—, |Tivn — T1tn41||?. 

Proof. As in the proof of Theorem 2.1, we conclude that F(T) = p and 
[Pita = Tits ||? 
1 — 2ank — a2 
[Tim — Tien 4al|? 
1— 2ank — a2 


lItnt1 — Pll? < (1—anr)||2n — pil? + 


IA 


(1—mr)||an — pll? 


< (1—mr)llq— pl? + M. (12) 
Put An = Mr, Wn = ||2n — pll?, bn = M = [Fiem=Titntall Thus, Lemma 1.2 ensures that 


limp—co ||2@n — p|| = 0. 
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Observe from inequality (12) that, 


|z1 — pl? < (1—mr)||xo — pl? + M, 
|z2— pl? < (l—mr)|la, — pl? + M 
< (1—mer)[(1— me) loo — all? + M] +. 
= (1—mr)?||zo — p||l? + M+ M(1— mr), 
len — pl? << (= mr)" |ao — pl? + <RB yy, 


for all n > 0, which implies that 


ll@n — pll < (1 — mr)" ||xo — pl? 4 


This completes the proof. 

Theorem 2.3. Let X be a real Banach space, K a non-empty, convex subset of X and 
let T,, T2, T3 be continuous. Suppose 7) is strongly pseudocontractive self mapping with 
pseudocontractive parameter k € (0, 1). For arbitrary xo € K, let sequence {x7 }°2, be define 
by (4) where {an }°2o9, {Bn}, {yn} are sequences in [0, 1] satisfying the conditions: 


Co 
lim a, = 0, ) An = OO. 
noo 

n=1 


If 
Tiyn — Titn4.|| — 0, 


as n — oo, then the sequence {2,,}°2, converges strongly to a unique common fixed point of 
T,, To, T3. 

Proof. If we set v, = yn in Theorem 2.1. In this case , the desired result follows 
immediately from Theorem 2.1. 

Remark 2.1. Theorem 2.3 improves and extends Theorem 2.1 of Xue and Fan (2008) 
among others in the following ways: 

(i) It abolishes the condition that T;(i) is bounded. 

(ii) At least one member of the family of T,, To, T3 is strongly pseudocontractive. 

(iii) We obtained a convergence rate estimate in Theorem 2.2. 
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§1. Introduction and preliminaries 


Let H denote the family of continuous complex-valued functions which are harmonic in 
the open unit disk U = {z € C:: |z| < 1} and let A be the subclass of H consisting of functions 
which are analytic in U. Clunie and Sheil-Small in [2] developed the basic theory of harmonic 
functions f € H which are univalent in U and have the normalization f(0) = 0, f,(0) = 1. Such 
function may be written as f = h+ g, where h and g are members of A. f is sense-preserving 
if |g’| < |h’| in U, or equivalently if the dilation function w = a satisfies |w(z)| <1 for z € U. 
We may write 


h(z) =z+ tS Anz", g(z) = S- bnZ”. (1) 


Let Sz denote the family of functions f = h+ 9 which are harmonic, univalent, and 
sense-preserving in U, where h and g are in A and of the form (1). 

For harmonic function f = h+ 4, we call the h the analytic part and g the co-analytic 
part of f. The class Sz reduce to the class S normalized analytic univalent functions in U if 
the co-analytic part of f is zero. We denote by Ky, Sy, Cy, the subclass of Sy consisting 
of harmonic functions which are respectively convex, starlike, and close-to-convex in U. A 
function is said to be starlike, convex and close-to-convex in U if it maps each |z| =r < 1 onto 
a starlike, convex and close-to-convex domain respectively. 


Let the convolution of two complex-valued harmonic functions 


fiz) =2+ s. Aine” + S- binz” and fo(z) = z+ S- Gonz” + S bon Z” 
n=2 n=1 


n=2 n=1 
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be defined by 
filz) * fol2) = (fi fa)(2) = 2+ So ainaone” + ¥ Binban2”. 
n=2 n=1 


It is noted that the above convolution formula is reduced to the Hadamard product if the 
co-analytic part of the functions f;(z) and f(z) is identically zero. On the convolution of 
complex-valued harmonic functions, Ruschweyh and Shell-Small ®) proved the following: 

Lemma 1.1. Let ¢ and w be convex analytic in U. Then, we have the following: 

(i) (@ * )(z) is convex analytic in U, 

(ii) (@ * f)(z) is close-to-convex analytic in U if f is close-to-convex analytic in U, 

(iii) (b* zf’)/(* zy") takes all its values in a convex domain D if f’/1’ takes all its values 
in D. 

Lemma 1.2. ?! Let h, g € A, 

(i) If |g’(0)| < |h’(0)| and h + eg is close-to-convex analytic in U for each e(|e] = 1), then 
f=h+geCu, 

(ii) If h + eg is harmonic and locally univalent in U and if h + eg is convex analytic in U 
for some e(|e] < 1), then f=h+ 9 € Cy. 

Ahuja and Jaharigiri |! proved that: 

Lemma 1.3. Let g and h be analytic in U such that |g’(0)| < |h’(0)| and h+ €g is 
close-to-convex in U for each e(|e| = 1) and suppose ¢ is convex analytic in U, then 


(yp +o) *(h+ 9) € Cu, |o| =1. 


Lemma 1.4. |"! Suppose h and ¢ are convex analytic in U and g is analytic in U with 
|g'(z)| < |h’(z)| for each z € U. Then (¢ + €@) * (h+ 9) € Cy for each |e] < 1. 


§2. Main results 


Let hE(z) = 2® + Ying nz", g*(z) = Da Onz*", & EN, we now present the main 
results. 

Theorem 2.1. Let h and g be analytic in U such that |(g")/(0)| < |(h*)/(0) and h* + eg* 
is close-to-convex in U for each e(|e] = 1. If ¢ is convex analytic in U and ¢* < ¢; h* < h, 


then ($* + (76°)) « (h® + 9%) C On, y=1, KEN. 


Proof. 
(6 +7") (RE +g) = (oh eh) + (76) #9") 
BPLG", 
But 
(GY OL = Mod)* = 9'Y' leno = Loo" # 90a leno < oo" #110) eno 


= |(¢" *yh*)'| < |(¢* 7h)'|z<0- 
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Using lemma 1.1 (ii) , we obtain for each a = © that 
H* + aG* = (o* « h*) + (ayo* « g*) = o* « (h* + €g*). 


Thus by the hypothesis that h* + eg” is close to convex and using lemma 1.1 (ii) we have 
H* + aG* is close-to-convex analytic in U. 

This concludes the proof of theorem 2.1. 

Theorem 2.2. Let h and ¢ be convex analytic in U and g is analytic in U such that 
lg'(z)| < |h’(z)|. Let g* < g, h® <h. Then for each |e| <1, (¢* + (ed)*) « (h* + g*) is close to 
convex. k € N. 

Proof. We write (¢* + (€)*) « (h* + g*) = (o* *h*) + ((EO)* xg) = H* +G*. By lemma 
1.1 (i) ¢ and h being convex analytic in U implies H = ¢ x h is convex in U. 

But 


(G*)’] — | (oe «(9*))'| _ | 26" * (9°) 
(Ry S| (pee ney | [Bare cay 
By lemma 1.4, ¢ being convex and gz < 1 implies that at <1. But pela x 
PREZ f 
ae <i. 


This shows that H* +G" is locally univalent in U. Thus, H*+G" = (*+(ed)*)«(h*+(9)’) 


is close-to-convex in U. 
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81. Introduction 


Zadeh |! introduced the fundamental concepts of fuzzy sets in his classical paper. Fuzzy 
sets have applications in many fields such as information !! and control |!. In mathematics, 
topology provided the most natural framework for the concepts of fuzzy sets to flourish. Chang 
2] introduced and developed the concept of fuzzy topological spaces. The concept of soft fuzzy 
topological space is introduced by Ismail U. Tiryaki ®!. N. Blasco Mardones, M. Macho stadler 
and M. A. de Prada | introduced the concept of fuzzy closed filter, fuzzy 5°-ultrafilter and the 
compactification of a fuzzy topological space. 

In this paper soft fuzzy T -prefilter, soft fuzzy T -ultrafilter and soft fuzzy prime T = 
prefilter are introduced and studied. Some of their properties are discussed. Soft fuzzy F* 
space and soft fuzzy T “normal family are established and their properties are discussed. The 
soft fuzzy C structure in soft fuzzy C space is introduced. Also the process of soft fuzzy 
structure compactification using soft fuzzy T -prefilter has been established. 


§2. Preliminaries 


Definition 2.1.!5] Let X be a set, js be a fuzzy subset of X and M CX. Then, the pair 
(u,M) will be called a soft fuzzy subset of X. The set of all soft fuzzy subsets of X will be 
denoted by SF(X). 

Definition 2.2.!5] The relation C on SF(X) is given by (u,M) C (7, N) @ (u(x) < 7(2)) 
or (y(x) = 7(a) and « ¢ M/N), Vx € X and for all (u, M), (y,N) € SF(X). 
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Property 2.1.) If (uj;,Mj)je7 € SF(X), then the family {(u;,M;)|j € J} has a meet, 
that is greatest lower bound, in (SF(X),C), denoted by 


Njes(uy,M;) such that Nyez(uy,Mj) = (wu, M), 


where 
p(x) = \ u(x), Vee X; M= () M;. 
jet Ged 
Property 2.2.!5] If (u;,Mj)je7 € SF(X), then the family {(u;,M;)|j € J} has a join, 
that is least upper bound, in (SF(X),€), denoted by 


Ujes(;, Mj) such that Ujes(uj, Mj) = (u, M), 


where 
p(x) = VV puj(2), VeEeX; M= U M;. 
jet Ged 
Definition 2.3.!5] For (4, M) € SF(X) the soft fuzzy set (u,M) = (1— pu, X|M) is called 
the complement of (4, /). 
Definition 2.4.!5] Let « © X and S € I define x,: X > I by 


8s, ifz=a, 


0, otherwise. 


Then the soft fuzzy set (xs, {x}) is called the point of SF(X) with base x and value s. 

Definition 2.5.[5] The soft fuzzy point (x,,{x}) E (u, M) is denoted by (2, {a}) € (u, M) 
and refer to (x,,{x}) is an element of (u, M). 

Property 2.3.) Let y: X — Y bea point function. 

(i) The mapping y~ from SF(X) to SF(Y) corresponding to the image operator of the 
difunction (f, F’) is given by 


ep (#,M) =(7, N), where 7(y) = sup{u(x)/y = y()} and N = {p(x)/2 € M}. 


(ii) The mapping y* from SF(Y) to SF(X) corresponding to the inverse image of the 
difunction (f, F’) is given by 


gy (7, N) = (yoy, p"[N)). 


Note. y~(,M) = y(u,M) and y* (7, N) =o 1(7,N). 

Definition 2.6.) A subset T C SF(X) is called an SF-topology on X if 

(i) (0, @) and (1,X) € T. 

(ii) (uj, Mj) € T, G = 1, 2, 3,--+ mn >My (py, My) ET. 

(iii) (uj,.Mj), 9 € J => Ujes(uy, Mj) € T. 

The elements of T are called soft fuzzy open, and those of T = {(u,M)/(u,M) € T} is 
called soft fuzzy closed. 

If T is a SF-topology on X we call the pair (X,T) a SF-topological space (in short, 
SFTS). 
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Definition 2.7.5] Let T be an SF-topology on X and V an SF-topology on Y. Then a 
function y: X — Y is called T — V continuous if (v,N) €V > yp (v,N) eT. 

Note. T — V continuous is denoted by soft fuzzy continuous. 

Definition 2.8.) A soft fuzzy topological space (X,T) is said to be a soft fuzzy compact 
if whenever Ujer(Ai, Mi) = (1,X), (Ai, Mi) € T, 7 © J, there is a finite subset J of J with 
Ujer(Aj, Mj) = (1, X). 


§3. Soft fuzzy closed filter theory 


Definition 3.1. Let (X,T) be a soft fuzzy topological space. Let F C T’ satisfying the 
following conditions: 

(i) F is nonempty and (0, ¢) ¢ F. 

(ii) Tf (ui, M1), (42, M2) € F, then (41, M1) 7 (p02, Me) © F. 

(iii) If (uw, M) € F and (A, N) € T” with (wu, M) CE (A, N), then (A, N) € F. 

F is called a soft fuzzy closed filter or a soft fuzzy T -prefilter on X. 

Definition 3.2. Let (X,T) be a soft fuzzy topological space. Let F be a soft fuzzy es 
prefilter and let B Cc F. B is called a soft fuzzy base for F if for each (u,M) € F there is 
(v,P) € B such that (v, P) C (pw, M). 

Definition 3.3. Let (X,T) be a soft fuzzy topological space. Let H C T. Hisa 
soft fuzzy subbase for some soft fuzzy T’-prefilter if the collection {(j1,,. M1) 7 (2, M2) +--+ 
(tin, Mn)/(1i, Mi) € H} is a soft fuzzy base for some soft fuzzy T’-prefilter. 

Property 3.1. Let (X,T) be a soft fuzzy topological space. Let B Cc T’. Then the 


following statements are equivalent: 


(i) There is a unique soft fuzzy T’-prefilter F such that B is a soft fuzzy base for it. 
(ii) (a) B is nonempty and (0, ) ¢ B. 
(b) If (41, Pi), (v2, Po) € B, there is (v3, P3) € B with (v3, P3) C (4, Pi) 7 (v2, Pa). 
Proof. Proof follows from Definition 3.1, Definition 3.2 and Definition 3.3. 
Definition 3.4. Let (X,T) be a soft fuzzy topological space. Let B be a soft fuzzy base 


satisfying the conditions (a) and (b) in Property 3.1. Then the generated soft fuzzy T’ -prefilter 
F is defined by 


F ={(u,M) €T /A(v, P) € B with (v, P) C (u, M)}. 


Definition 3.5. Let (X,T) be a soft fuzzy topological space. Let G C T with the 
intersection of any finite subcollection from G is nonempty. There exists a unique soft fuzzy 
T -prefilter containing G, whose base is the set of all the finite intersections of elements in G. 
Such a soft fuzzy T -prefilter is called the soft fuzzy T "_prefilter generated by G. 

Property 3.2. Let (X,T) be a soft fuzzy topological space. Let F be a soft fuzzy T - 
prefilter and (4, MW) € T . The following statements are equivalent: 

(i) FU {(u, M)} is contained in a soft fuzzy T’-prefilter. 

(ii) For each (v, P) € F, we have (u, MW) (v, P) 4 (0, ¢). 


Proof. Proof is simple. 
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Definition 3.6. Let (X,T) be a soft fuzzy topological space. Let F be a soft fuzzy 
T -prefilter. F is a soft fuzzy T ““ultrafilter if F is a maximal element in the set of soft fuzzy 
T -prefilters ordered by the inclusion relation. 

Property 3.3. Let (X,T) be a soft fuzzy topological space. Every soft fuzzy T -prefilter 
is contained in some soft fuzzy T’ ‘-ultrafilter. 

Proof. Proof is obvious from the above definition. 

Property 3.4. Let (X,T) be a soft fuzzy topological space. Let F be a soft fuzzy T hg 
prefilter on X. Then the following statements are equivalent: 

(i) F is a soft fuzzy T’-ultrafilter. 

(ii) If (4, M) is an element of T’ such that (u,M)M(v,P) 4 (0,¢@) for each (v, P) € F, 
then (u, M) € F. 

(iii) If (u,M) € T and (u, M) ¢ F, then there is (v,P) € F such that (u,M)(v,P) = 
(0,4). 

Proof. (i)=(ii) Suppose (4, M) € T’ and (uu, M)M(v, P) ¥ (0,4), for each (v, P) € F. By 
Property 3.2, there is a soft fuzzy T’-prefilter F* generated by F U {(u,M)}. Then F c F*. 
Since F is a soft fuzzy T ultrafilter, F is the maximal element. Hence F = F*, that is 
(u, M) € F. 

(ii) > (iii) Let (u,M) € T’ and suppose (4, M) ¢ F. By assumption, there exists (v, P) € F 
such that (4, M) 7 (v, P) = (0, ¢). 

(iii) >(i) Let G be a soft fuzzy T’-prefilter with F C G and F 4G. Let (u,M) € G such 
that (u,M) ¢ F. By assumption, there is (v, P) € F such that (v, P)(u,M) = (0,¢). Since 
(v,P), (u,M) €G, (v, P)N (4, M) € G implies that (0,6) € G, which is a contradiction. Hence 
F =G. Thus F is a maximal soft fuzzy T '_prefilter. Hence F is a soft fuzzy T "“ultrafilter. 

Property 3.5. Let (X,7T) be a soft fuzzy topological space. Let U4, U2 be a pair of 
different soft fuzzy T’-ultrafilters on X. Then (7;(u;,M;)) 7 (N;(u;,M;)) = (0,¢) for all 
(41, Mi) € Uy and (uj, M5) € Us. 

Proof. Suppose (Mi (fi, Mi)) 7 (7; (4;,.M;)) 4 (0,¢). Then for some x, y € X (Ajpui(x) A 
Ajfj(2)) > 0 and y EN: Mi NN5M;. 

=> bi(x) A p;(z) > 0 and y € M,N M; for all ¢ and j. 

=> (mi, Mi) (uj, Mj) F (0,9). 

By the above property (1:,. Mi) € U2 and (u;,M;) € UYU; for alli and 7. Thus Uy = Uv. 
Which is a contradiction to our hypothesis. Hence (Mi (ji, Mi)) 0 (11; (u;, 4;)) = (0, ) for all 
(101, Mi) € Uy and (uj, M5) € Us. 

Definition 3.7. Let (X,T) be a soft fuzzy topological space. Let F be a soft fuzzy - 
prefilter on X. F is said to be a soft fuzzy prime T’-prefilter, if given (,.M), (v,P) € T’ such 
that (u,M)U (v, P) € F, then (u,M) € F or (v, P) € F. 

Property 3.6. Let (X,T) be a soft fuzzy topological space. Every soft fuzzy T -ultrafilter 
U on X is a soft fuzzy prime T’ -prefiter. 

Proof. Let (u,M), (v,P) € T’ such that (4, M)U(v, P) € U. Suppose (u,M), (v, P) £U. 
Then there exist (41,Mi), (41, Pi) €U with (wu, M)F (41, Mi) = (0, ¢) and (v, P) (4, Pi) = 
(0,¢). Since (u,M)U(v,P), (41,Mi), (41,P1) € U. Since U is a soft fuzzy T’-ultrafilter, 
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(u,M)U (vy, P)F (41, M1) (4, Pi) € U. 


((u, M) U (v,P)) 7 (ua, M1) (1, Pi) 
= ((H,M) 7 (1, M1)) U (YP) 7 (41, M1) (1, Pi) 
= ((0,9)N (1, Pr)) U (0, ¢) 7 (41, M1) 
= (0,¢). 


Which is a contradiction to our assumption U is a soft fuzzy T’-ultrafilter. Hence (u, M) 
or (v,P) €U. Thus U/ is a soft fuzzy prime T -prefilter. 

Property 3.7. Let (X,T) be a soft fuzzy topological space. Let F be a soft fuzzy T = 
prefilter. Let P(F) be the family of all soft fuzzy prime T -prefilters which contains F. Then 
F = ger(FyG. 

Proof. Let F be a soft fuzzy T -prefilter. Let P(F) be the family of all soft fuzzy prime 
T’ -prefilters which contains #. Therefore 


FC gerry: (1) 


Let (uu, M) € T’ such that (u,M) ¢ F. Consider the family L = {G / G is a soft fuzzy 
T -prefilter, F C G and (u,M) ¢ G}. CL is an inductive set, therefore there exist maximal 
elements. Let U be the maximal element in CL. 

Let (A1,.N1), (Az, No) € T’ with (\1, Ni) U(A2, No) € U such that (A1,.Ni), (Az, No) ZU. 
Let the family 7 = {(v, P) € T’ /(v, P) U (Ao, No) EU}. 

(i) Since (A, Ni) € T’ and (\1, Ny)U(Ag, No) € U, which implies that (A1, N,) € 7. Hence 
J is nonempty. 

Suppose (0,¢) € J, By definition of 7, (Az, N2) € U. Which is a contradiction. Hence 
(0,6) 7. 

(ii) If (41, Pi), (v2, Po) € J. By definition of 7, (1, Pi) U (A2, No) € U and (v2, Po) U 
(A2, No) €U. Since U is a soft fuzzy T’-prefilter, [(v,, P,) U (Az, N2)] 7 [(v2, No) U (Az, No)] EU. 
(4, Pi) 1 (v2, No)} U (2, No) EU. 

(14, Pi) (v2, No)] € J. 

(iii) If (v,P) € J and (A,N) € T’ such that (v,P) E (A,N). Since (v,P) E (A,N), 
(v, P) U (Az, No) E (A, N) U (Ag, No). Since (v, P) U (Az, No) € U and U is a soft fuzzy T- 
prefilter, (A, N)U (Az, No) € U. Which implies (A, N) € 7. Thus J is a soft fuzzy T’-prefilter. 

If (v,P) € U, (v,P)U (A2, N2) € U. Which implies (v,P) € J. Thus Uc J. Since 
(Ar, M1) € J and (Ay, Ni) €U. ThusU 4 J. 

Now let K = {(A,N) € T’ /(u, M) U(A,N) €U}. 

(i) Suppose (0, ¢) € K, then by definition of K, (u,M) € U. Which is a contradiction to 
our assumption U/ € £ and (w,M) ¢ U. Hence (0,¢) ¢ K. Since (1,X) € U, which implies 
(1,X) € kK. Thus K is nonempty and (0, ¢) ¢ K. 

(ii) If (A*, N*), (A**, N**) © K. By definition of K, (\*, N*)U(u, M) € U and (\*, N**)U 
(u, M) €U. Since U is a soft fuzzy T’-prefilter,((A*, N*) 9 (A**, N**) LU (u, M) € U. Therefore 
(A*, N*) F(A, N**) EK. 

(iii) If (A, N) € K and (A*,N*) € T’ such that (A*,N*) 2 (A,.N), then (A*, N*) € K. 
Hence K is a soft fuzzy T -prefilter. 


=> | 
sl 
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Now, 

(i) F CK follows from F CU andUCK. 

(ii) (uw, 4) ¢ K for (u,M) €U. Thus K € £andU CK. Maximality of U implies that 
Uu=K. Suppose (u,M) € J. Then (u,M)U (Ag, No) € U which implies (A2, No) € K =U. 
Which implies (A2, N2) € U. Which is a contradiction to our assumption (Az, No) ¢ U. Thus 
(u,M) ¢ J. Since F Cc J and (u,M) ¢ J, we have J € Land since UC J. UF J. Which 
is a contradiction to the maximality of U. Thus (Ai,.N1), (A2, No) € U. Therefore U is a soft 
fuzzy prime T’ -prefilter and (u,M) ¢U. Thus 


Ngep(7)G CF. (2) 


From (1) and (2), it follows that Ngep(r)G = F. 

Property 3.8. The following are equivalent for a soft fuzzy topological space (X,T). 

(i) (X,T) is soft fuzzy compact. 

(ii) For any family of soft fuzzy closed sets {(\;, Mi) }ie7 with the property that Nyer(A;, 
M;) # (0, ¢) for any finite subset F of J, we have Niesz(Ai, Mi) (0, @). 

Proof. (i) (ii) Assume that (X,T) is soft fuzzy compact. Let {(A;, Mi)}iez be the 
family of soft fuzzy closed sets with the property Njer(A;,M;) # (0,¢) for any finite subset 
F of J. Let (4i,Ni) = (1,X) — (Ai, Mj). The collection {(ui, Ni) }ies is a family of all soft 
fuzzy open sets in (X,T). If (Ai, M1), (Az, M2), (As, M3),-++ 5 (An, Mn) are finite number of 
soft fuzzy closed sets in {(\;, M4;)}icz, then 


ML (Au, Mi) = (1, X) — UP (Ma, Mi). 


Similarly 
Nes (Ai, Mi) = (1, X) — User (Mi, Ni). 


By hypothesis M?_, (Ai, M;) 4 (0,¢). Therefore U?_, (fi, Ni) A (1, X). Since (X,T) is soft 
fuzzy compact, Uies(ui, Ni) # (1, X). Thus Mie s(Ai, Mi) # (0, 4). 

(ii) >(i) Assume that (X, 7) is not soft fuzzy compact. Let {(j1;, Ni) }ie be a family of soft 
fuzzy open sets which is a cover for (X,7T). Since (X,T) is not soft fuzzy compact, there is no 
finite subset F' of J such that {(1;,.N;)}jer is a cover for (X,T), that is Ujer(uj,Nj) F (1, X). 

Now, 


Njer((1, X) — (uy, Nj)) = (1, X) —Ujer(uy, Nj) 
# (0,¢). 


By hypothesis, Niesz((1, X) — (tu, .Ni)) 4 (0, ¢). This implies Ujey(i, Ni) 4 (1, X), which 
is a contradiction. Hence (X,T) is soft fuzzy compact. 

Property 3.9. For a soft fuzzy topological space (X,T), the following are equivalent: 

(i) (X,T) is soft fuzzy compact. 

(ii) Every soft fuzzy T’-prefilter F satiafies Numer (H, M) F (0, ¢). 

(iii) Every soft fuzzy prime T -prefilter F satiafies Au,myer(u, M) F (0, ¢). 

(iv) Every soft fuzzy T’-ultrafilter U satiafies Au, myeu(u, M) A (0, ¢). 
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Proof. (i)> (ii) Suppose Ny,aner (i, M) = (0,4). Then Ug,anerl(L,X) — (M)) = 
(1,.X). Since (1,X) — (uw, M) € T and (X,T) is soft fuzzy compact, there exist finite subcollec- 
tion, {(1, X)- (11, M;), (1, X)— (pa, Mp), eee (1, X)—(tn; M,)} such that (1, X)— (ta, M;) 
(1,.X) — (ue, M2) U---U (1, X) — (un, Mn) = (1, X). Which implies (41, M1) 7 (2, M2) n--: 
(tin, Mn) = (0,¢). Which is a contradiction to our assumption F is a soft fuzzy T’ -prefilter. 
Hence Nw, myeF (HL, M) # (0, $). 

(ii)>(iii) Suppose that every soft fuzzy prime T’-prefilter F satisfies Nw myeF (iH, M) = 


(0, @). Since every soft fuzzy prime T -prefilter is soft fuzzy T’-prefilter. Which is a contradic- 
tion. Hence every soft fuzzy prime T -prefilter F satisfies Aw,myer(H, M) F (0, ¢). 

(iii) (iv) Suppose that every soft fuzzy T’-ultrafilter U/ satiafies Nu,myeu(u, M) = (0, ¢). 
Since every soft fuzzy T -ultrafilter is soft fuzzy prime T -prefilter. Which is a contradiction. 
Hence every soft fuzzy T’-ultrafilter U/ satisfies Aw myeF(u, M) F (0, 4). 

(iv)=}(i) Suppose H is a family of soft fuzzy closed sets on X with finite intersection 
property. For each (v,P) € H the family Gp) = {(u,M) € T /(u,M) 3 (v,P)}. Then 


(v,P) € Gu,p). Let G = Uw,pyenGv,p). Since H has a finite intersection property, G has 
finite intersection property. Thus # and G are soft fuzzy T -prefilters. Thus there exists a 
soft fuzzy T -ultrafilter U/ such that H C G CU. Hence Nwmeu(H,M) EN meg(H,M) EC 
Nwmyen(u, M). Since Ny,myeu(H, M) # (0, ¢). Thus Ny,ayen(u, M) # (0,6). Hence H is a 
family of soft fuzzy closed sets on X with finite intersection property and M(,,,ayen(u,M) # 
(0, ¢). Which implies (X, 7) is soft fuzzy compact space. 

Definition 3.8. Let (X,T) be a soft fuzzy topological space. Let (x,,{x}) be any soft 
fuzzy point. The nonempty collection F(z, 23) = {(u,M) € T /(as,{2}) € (u,M)} is a 
soft fuzzy prime T -prefilter on X, then F(x, {2}) is called soft fuzzy T’ ‘-prefilter generated by 
(xs, {2}). 

Definition 3.9. Let (X,T) be any soft fuzzy topological space. The collection T is said to 
be a soft fuzzy normal family if given (41,.M1), (12, M2) € T’ such that (j1,. M1) 7 (2, M2) = 
(0, @), there exist (11,1), (v2,N2) € T’ with (1, N1)U(v2, N2) = (1,X), (41, M1) (1, Mi) = 
(0, ) and (12, Mz) M1 (v2, No) = (0, 4). 

Property 3.10. Let (X,T) be any soft fuzzy topological space and T be a soft fuzzy 
normal family. Every soft fuzzy prime T -prefilter F is contained in a unique soft fuzzy T 2 
ultrafilter. 

Proof. Let F be a soft fuzzy prime T '_prefilter. Let UU, and U2 be soft fuzzy T -ultrafilters 
such that F Cc Uy and F C Ug. Suppose U4, # Uy. Then there exist (t41,M1) € Uy and 
(112, Mz) € Up with (111,M1) 7 ("W2,M2) = (0,¢). Since T’ is a normal family, there exist 
(%4,.N1), (v2,No) € T’ with (1%4,Ny) U (v2,No) = (1,X), (41,Mi) 1 (%4,N1) = (0,¢) and 
(2, Mz) N (v2, Nz) = (0,¢). Since (14,N1) LU (v2, N2) = (1,X) and F is a soft fuzzy prime 
T -prefilter, (v1,Ni) € F or (v2,N2) € F. Suppose if (44,N1) € F, then (11,Ni) € Uy 
and (14,.N,) € Uz. Thus (41,M1) 7 (m1, Ni) = (0,¢) with (wi,M1), (41,Ni) € Uy. Which 
is a contradiction. Similarly (v2,N2) € F, then (v,N2) € Uy, and (¥2,N2) € Ua. Thus 
(142, Mz) Fh (v2, Nz) = (0,¢) with (42, M2), (v2,No) € U2. Which is a contradiction. Hence 
U, =U. Thus every soft fuzzy prime T -prefilter F is contained in a unique soft fuzzy T - 
ultrafilter. 
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Remark 3.1. Let (X,T) be any soft fuzzy topological space and T "be a soft fuzzy normal 
family. For every « € X, the soft fuzzy point (x,, {x}), there exists a unique soft T -ultrafilter 
Ua, {x}) which contains Fw, {a}): ; 

Proof. Let (7;,{r}) be any soft fuzzy point. Then F(,, ¢2}) is a soft fuzzy T -prefilter 
generated by (xs,{v}). By Definition 3.8 and Property 3.10, Fe, 42}) is a soft fuzzy prime 
T -prefilter contained in a unique soft fuzzy T ultrafilter. 

Remark 3.2. Let (X,7T) be any soft fuzzy topological space. If (x, {x}) and (y, {y}) be 
any two soft fuzzy points with x = y then U(,, 423) =U(y,,{y})- 

Proof. Let (X,T) be a soft fuzzy topological space. Let (a5, {x}) and (y:,{y}) be two 
soft fuzzy points with « = y. Assume that U(, 423) A Uy,,{y})- By Property 3.5 (Mi(fi,.Mj)) 1 
(71;(u3,.Mj)) = (0,¢) for all (ui,Mi) € Ue, f2}) and (u;,M;) € Uy,fy})- Thus (2s, {2}) € 
Ur, {e}) and (Ye, {y}) © Uy,fy})- Since © = y, (s,{z}) M1 (ye, {y}) A (0,¢). Which is a 
contradiction. Hence U(x, ¢23) = Uy, fy})- 

Definition 3.10. Let (X,T) be any soft fuzzy topological space. For each « € X, the 
collection of soft fuzzy points P, = {(xs, {z})/s € (0, 1]}. For each (a5, {x}) € Pz the only soft 
fuzzy T ““ultrafilter which contains F(x,,{e}) is denoted by U®. 

Definition 3.11. A soft fuzzy topological space (X, T) is said to be a soft fuzzy F* space, 
if for each « € X there exists a minimum value s € (0, 1] such that the soft fuzzy point (xz, {x}) 
belongs to T. 

Proprety 3.11. Let (X,T) be any soft fuzzy F* space and T be a soft fuzzy normal 
family. For each x € X, the soft fuzzy T’-ultrafilter U/*, Tus, M,)eu2 (Mi, Mj) is atmost a soft 
fuzzy point (v5, {x}). 

Proof. Let « € X. Since (X,T) is a soft fuzzy F* space, there exists a minimum value s € 
(0, 1] such that (x,,{a}) € T’. By Definition 3.10, (x,,{x}) € U*. Hence Twi.Mi)eus (Hi, My) = 
(x5, {2}). 


§4. C’ structure compactification of a soft fuzzy C space 


Let (X,T) be a non-compact soft fuzzy topological space. Let y(X) be the collection of 
all soft fuzzy T’-ultrafilters on X. Suppose (X,T) is a soft fuzzy F* space and T’ is a soft 
fuzzy normal family. Associated with each (j1,M) € T’, we define (11, M)* = (u*,M*) where 
u* € IY) and M* C 7(X). For each U € 7(X), 


(0,4), if UU AU, Va € X and (u,M) <u, M =4, 
(ut(U),M*) = ¢ (1,o(X)), FU AUP, Ve X and (uM) EU, M=X, 
(u(z),U*), ifaae X withU=U*, ce M. 


Property 4.1. Under the previous conditions, the following identities hold: 

(i) (0°, O*)x = (0, b)4¢x)- 

(ii) 1", X*)x = (1, 1(*)). 

(ili) (ws, {@})x = (Us, {U"}). 

Proof. Proof is obvious from the above definition of (j.*, M*). 

Notation 4.1. For each U* € ¥(X), the soft fuzzy point is denoted by (U2, {U"}). 
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Definition 4.1. A soft fuzzy C' structure (in short, SF'Cst) consists of all soft fuzzy sets 
of the form (u*, M*). A soft fuzzy C space (y(X),SFCst) is a space which admits soft fuzzy 
C structure. 

Definition 4.2. A soft fuzzy C closure of a soft fuzzy set in soft fuzzy C space is defined 
by 

Clost(u*, M*) = N{(v*, P*)/(v*, P*) F (u*, M*) and (v*, P*) € SFCst}. 

Property 4.2. Let e: X — >7(X) defined by e(x%) = U*Va € X, e(1, X) is soft fuzzy C 
dense in soft fuzzy C space (y(X), SFCst) that is clog:(e(1, X)) = (1, 7(X)). 

Proof. Let (1,M) be a soft fuzzy set with w € I* and M C X. Now (e(p),e(M)) is a 
soft fuzzy set in soft fuzzy C space with e(j) € IV) and e(M) C 7(X) and it is defined for 
each U € 7(X) as follows: 


(u(z),U"), ifdaaeX SU=U* andre M, 
(0,4), if UU ZU", Ve © X and M =¢. 


Let C = clog: (e(1, X)). We know that e(1,X) EC C, then for each « € X and U* € 7(X), 
(1,y(X)) © C. Therefore C = (1,y(X)). Hence close(e(1, X)) = (1,y(X)). Thus e(1, X) is 
soft fuzzy C' dense in soft fuzzy C space. 

Definition 4.3. Let (X,T) be a soft fuzzy topological space and (7(X), SFC st) be a soft 
fuzzy C space. Then f: (X,T) > (4(X), SFCst) is a soft fuzzy C continuous* function, if 
the inverse image of every soft fuzzy set in (7(X),SFCst) is soft fuzzy closed in (X,T). 

Definition 4.4. Let (X,T) be a soft fuzzy topological space and (7(X), SFC'st) is a soft 
fuzzy C space. Then f: (X,T) > (4(X), SFCst) is said to be Soft fuzzy C closed* function, 
if the image of every soft fuzzy closed set in (X,T) is a soft fuzzy set in (y(X), SFCst). 

Definition 4.5. Let (X,T) be a soft fuzzy topological space and (7(X), SFC'st) is a soft 
fuzzy C space. If f: (X,T) > (y(X), SFCst) is an injective soft fuzzy C continuous* and f 
is soft fuzzy C closed*. Then f is a soft fuzzy C embedding’. 


Property 4.3. The function e is a soft fuzzy C embedding* of X into y(X). 
Proof. (i) Let «, y € X and « # y then U* AUY. Let (x5, {x}) and (yg, {y}) be two 
distinct soft fuzzy points. 


(a) If (ws, {a}) A (Yas tyt) for each U € 7(X), 


(U7, {U*}), ifivgzeX5U=U", 
(0,4), ifU AU, Ve eX and {2} = ¢. 


(e(@s)(Y), e(2)) = 


Similarly, 


(UY, {U%}), faye X sUuU=U", 
0, ifU £UY, Vy © X and {y} = 4. 


(e(Yq)(4), ey) = 


Therefore e(as,{x}) 4 e(yq, {y}). 
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(b) If~=y and s ¥q. For each YU” € ¥(X), 


e(as,{x}) = (UZ, {U*}) 
= U3, {Uu*}) 

(Ud {U"}) 
F (Yq, {y})- 


Hence e is soft fuzzy C’ one to one function. 
(ii) For each (u*, M*) € SFCst and xe X, 


e'(u*(2),M*) = (e7*(u*(x)),e7*(M")) 
(u* 0 e(a),e~*(M*)) 
(u(U*), e~"(M*)) 
(H(z), M). 


Thus e~!(yu*, M*) = (,M). Thus the inverse image of every soft fuzzy set in SFCst is 
soft fuzzy closed in (X,T). Hence e is soft fuzzyC continuous* function. 
(iii) For each U € 7(X) and (u,M) eT’, 


(u(z),U*), ifdaeaeX3U=U* andre M, 
(0,4), if U AU, Va € X and M=¢. 


e(u(U), M) = (e(u)(Y), e(M)) = 


Therefore e(u, M) is a soft fuzzy set in (y(X),SFCst). Hence e is soft fuzzy C closed* 
function. 

Definition 4.6. Let (7(X),SFCst) be a soft fuzzy C space. Let¥ C SFCst satisfying 
the following conditions: 

(i) F is nonempty and (0, ¢) ¢ F. 

(ii) If (wt, Mt), (wh, M3) € F, then (uf, MZ) M (wu, M3) € F. 

(iii) If (u*, M*) € F and (A*, N*) € SFCst with (u*, M*) C (\*, N*), then (A*, N*) € F. 

F is called a soft fuzzy SFC'st-prefilter (in short, (Ly(x)) - prefilter) on y(X). 

Definition 4.7. A soft fuzzy C space (y(X), SFCst) is said to be a soft fuzzy C compact* 
space if whenever Lier(Az, M7) = (1, y(X)), (A?, M*) © SFCst, i € I, there is a finite subset 
J of I with Ujey(A¥, M3) = (1,7(X)). 

Definition 4.8. A soft fuzzy C space (y(X), SFCst) is soft fuzzy C compact* space iff for 
any family of soft fuzzy sets {(\7, Mj") }icy in SFCst with the property that Njer(Aj, Mj) # 
(0, ¢) for any finite subset F' of J, we have Nies(A7, Mj) 4 (0, ). 

Property 4.4. The soft fuzzy C' space (7(X), SF'Cst) is soft fuzzy C compact*. 

Proof. Let F be a soft fuzzy SFC st-prefilter on y(X). Let (v,M) € F. Since (v,M) € 
SFCst, there is an index family J(,,) such that (v,M) = Njesu, xy (Hj, Nj) for (uj, Nj) € 
T. Since (v,M) C (u5,NZ) for each j € Ji). Therefore for each (v,M) € F and j € 
Jiv,m), (Hj, NF) € F. Consider the family of soft fuzzy closed sets in (X,T), C = {(u,N) € 
T’ /(u*,N*) € F}. Since (1,7(X)) € F, (1,X) €C. Thus C is nonempty. 

(i) (0*, 6*) € F implies (0, ¢) €C. 
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(ii) Tf (u1,.Ni), (H2,Ne2) €C, then (uy, Nj), (u3,N3) € F. 

By definition of soft fuzzy (T,x)) -prefilter, (ui, NY) 1 (ws, NZ) € F. Which implies 
(144, Ni) (2, No) € C. Hence C is a soft fuzzy base for the soft fuzzy T -prefilter on X. 

Let Uo be a soft fuzzy T’-prefilter contains C. Then for each (u, N) € C, 


(0, 9), if Up AU*, Va € Xandu ¢Uo, N = ¢, 
1 


(u*(Uo), N*) = 4 (1, 7(X)), if Uy #U*, Ve € Xandu € Uo, N =X, 
(u(z),%), fixe X 3% =U*, cEN. 


This implies 


(1,9(X)), ifUp AU, Va € X and N =X, 


(u" (Uo), N*) = _ 
p(x), ifdae X3U) =U" andre X. 


(A uo), () N*) = (A wo), 1) 0%) 


BEC NEC BX CF N*eF 
(1, 7(X)), if Up AU, Ve € X and N=X, 
(Apecu(z),Uo), ifiae X 3Uy =U, © Ee NNecN. 


Hence Mp,nyec(u* (Uo), N*) F (0, ¢). 
Now, 


wmycF(¥sM) = Nemyer (Nese, ay (Hj, NF) 
— (u,Nyec(L", N*). 
=> (v,M)eFY; M) # (0, @). 


Thus (7(X), SF'Cst) is a soft fuzzy C compact* space. 
Property 4.5. Let (X,T) be a soft fuzzy topological space, F* space. Suppose T is 


a soft fuzzy normal family. Under these conditions (7(X),SFCst) is a soft fuzzy structure 
compactification of (X,T). 
Proof. Proof the Property is obtained from Property 4.1 to Property 4.4. 
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81. Introduction 


The concept of statistical convergence play a vital role not only in pure mathematics 
but also in other branches of science involving mathematics, especially in information theory, 
computer science, biological science, dynamical systems, geographic information systems, pop- 
ulation modelling and motion planning in robotics. 

The notion of statistical convergence was introduced by Fast 4] and Schoenberg °°! inde- 
pendently. Over the years and under different names statistical convergence has been discussed 
in the theory of Fourier analysis, ergodic theory and number theory. Later on it was further 
investigated from the sequence space point of view. For example, statistical convergence has 
been investigated and linked with summability theory by (Fridy [6] Salat 29] Leindler !41, Mur- 
saleen and Edely °], Mursaleen and Alotaibi ?1!), topological groups (Cakalli ?!), topological 


[18] Connor, Swardson 1), locally con- 


spaces (Maio and Koéinac !!°l), measure theory (Millar 
vex spaces (Maddox !"5!), In the recent years, generalization of statistical convergence have 
appeared in the study of strong integral summability and the structure of ideals of bounded 


continuous functions /I. 


The notion of statistical convergence depends on the (natural or asymptotic) density of 
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subsets of N. A subset of N is said to have natural density 6 (E£) if 
ig 
6(E) = lim — 7 xe (k) 
k=1 


exists. 

Definition 1.1. A sequence x = (xx) is said to be statistically convergent to @ if for every 

e>Q0, 

O({kKEN: |x, — €| > e}) =0. 
In this case, we write S-lima = ¢ or a, — &(S) and S denotes the set of all statistically 
convergent sequences. 

Karakus |") studied the concept of statistical convergence in probabilistic normed spaces. 
The theory of probabilistic normed spaces was initiated and developed in [1], [17], [31], [32] and 
further it was extended to random/probabilistic 2-normed spaces §) by using the concept of 
2-norm [71, 

Mursaleen [!] introduced the )-statistical convergence for real sequences as follows: 


Let \ = (Am) be a non-decreasing sequence of positive numbers tending to oo such that 
Amt <Am +1, A: = 1. 
The collection of such sequence A will be denoted by A. 
Let K CN bea set of positive integers. Then 
5, (K) = lim <= |{m = Am +1 <j Sms j € KY 


is said to be \-density of K. In case A,, = m, then A-density reduces to natural density, so S$) 
is same as S. Also, since (4%) <1, 6(K) < 6)(K), for every K CN. 

Definition 1.2.!!9! A sequence x = (2%) is said to be \-satistically convergent or 9)- 
convergent to @ if for every € > 0, the set {k € I, : |x, — £| > e} has A-density zero. In this 


case we write S)-lima = @ or x, — €(.S)) and 


Sy = {x = (ap): 42ER, Sy-lima = 4}. 


The existing literature on statistical convergence and its generalizations appears to have 
been restricted to real or complex sequences, but in recent years these ideas have been also 
extended to the sequences in fuzzy normed spaces 3) and intutionistic fuzzy normed spaces 


(12},[13],[26],[271,[28] Further details on generalization of statistical convergence can be found in 


[22] ,[23],[24] 


§2. Preliminaries 


Definition 2.1. A function f : R —- RG is called a distribution function if it is a non- 
decreasing and left continuous with infer f(t) = 0 and sup,cr f(t) = 1. By D*, we denote 
the set of all distribution functions such that f(0) =0. Ifa € Rg, then H, € Dt, where 


1, ift>a, 
0, ift<a. 
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It is obvious that Ho > f for all f € Dt. 

A t-norm is a continuous mapping * : [0,1] x [0,1] — [0,1] such that ([0, 1], *) is abelian 
monoid with unit one and c*d >ax*bifc>aandd> 0 for all a, b, c € [0,1]. A triangle 
function 7 is a binary operation on Dt, which is commutative, associative and r(f, Ho) = f 
for every f € Dt. 

In [7], Gahler introduced the following concept of 2-normed space. 

Definition 2.2. Let X be a real vector space of dimension d > 1 (d may be infinite). A 
real-valued function |].,.|| from X? into R satisfying the following conditions: 

(i) ||v1, v2|| = 0 if and only if 21, x2 are linearly dependent, 

(ii) ||, v2|| is invariant under permutation, 

(iii) |lax1, v2|| = Ja|||a1, v2||, for any a ER, 

(iv) [le + ©, x2|| < ||@, wal] + |I@, ael| 
is called an 2-norm on X and the pair (X,|]., .||) is called an 2-normed space. 

A trivial example of an 2-normed space is X = R?, equipped with the Euclidean 2-norm 
||v1,%2||~@ = the volume of the parallellogram spanned by the vectors x1, x2 which may be 
given expicitly by the formula 


||e1, r2||z = |det(x,3)| = abs (det(< x;,a; >)), 


where 2; = (241, 7:2) € R? for each i= 1, 2. 

Recently, Golet [8] used the idea of 2-normed space to define the random 2-normed space. 

Definition 2.3. Let X be a linear space of dimension d > 1 (d may be infinite), 7 a triangle 
and F : X x X — D*. Then F is called a probabilistic 2-norm and (X,F,7) a probabilistic 
2-normed space if the following conditions are satisfied: 

(P2N\) F(ax,y;t) = Ho(t) if ~ and y are linearly dependent, where F(x, y;t) denotes the 


value of F(x,y) atte R, 
(P2N2) F(x,y;t) # Ao(t) if x and y are linearly independent, 
(P2N3) F(a, y;t) = Fly, 2; t), for all x, ye X, 
(P2N4) Flax, y;t) = F(a, y; ie for every t>0, a#Oand az, ye X, 
(P2N5) F(a+y, zt) > 7 (F(a, 2;t), Fly, z;t)), whenever x, y, z € X. 


xv, y, 2 € X and ty, te € RG; then (X,F,*) is called a random 2-normed space (for short, 
R2NS). 
Remark 2.1. Every 2-normed space (X, ||.,.||) can be made a random 2-normed space in 


If (P2N5) is replaced by (P2Ne6) F(a + y, z3t1 + to) > F(a, z3t1) * Fly, 2 t2), for all 


a natural way, by setting 
(i) F(x, y;t) = Ho(t—||x,y||), for every z, y € X, t > Oand axb= min{a, b}, a, b€ [0,1], 
(ii) F(x, y;t) = Padi for every x, yE X, t>Oandaxb=ab, a, bE [0,1]. 
Definition 2.4. A sequence x = (x,) in a random 2-normed space (X, F, *) is said to be 
convergent (or F-convergent) to € € X with respect to F if for each « > 0, 0 € (0,1) there 
exists an positive integer mo such that F(a, — £,2;¢) > 1— 6, whenever & > no and for non 
zero z © X. In this case we write F-lim;, x; = @ and £ is called the F-limit of x = (a;). 
Definition 2.5. A sequence x = (x,) in a random 2-normed space (X, F, *) is said to be 
Cauchy with respect to F if for each e > 0, 6 € (0,1) there exists a positive integer no = no(<) 
such that F(a, — @m,2;¢€) < 1—0, whenever k, m > no and for non zero z € X. 
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In [9], Giirdal and Pehlivan studied statistical convergence in 2-normed spaces and in 2- 
Banach spaces in [10]. In fact, Mursaleen 20] studied the concept of statistical convergence of 
sequences in random 2-normed spaces. 

Definition 2.6.29 A sequence x = (xz) in a random 2-normed space (X,F, *) is said to 
be statistically-convergent or S??N 


e >0, 6 € (0,1) and for non zero z € X such that 


-convergent to some @ € X with respect to F if for each 


O({KEN: Flag — £,23€) <1 —0}) =0. 


In other words we can write the sequence (x;,) statistical converges to ¢ in random 2-normed 
space (X, Ff, «) if 
1 
lim —|{k <m: F(a,z — £,2;e) <1—0}| =0, 


m—-oo TN 
or equivalently 
6({kEN: F(a, —¢,2;€) > 1—0}) =1, 


ie. 
S- jim Flap — €,2;€) =1. 


In this case we write S”?% — lima = @ and £ is called the $”?%-limit of 2. Let $”?% (X) denotes 
the set of all statistically convergent sequences in random 2-normed space (X, Ff, *). 

In this paper we define and study A-statistical convergence in random 2-normed spaces 
which is quite a new and interesting idea to work with. We show that some properties of A- 
statistical convergence of real numbers also hold for sequences in random 2-normed spaces. We 
find some relations related to A-statistical convergent sequences in random 2-normed spaces. 
Also we find out the relation between -statistical convergent and A-statistical Cauchy sequences 
in this spaces. 


§3. A-statistical convergence in random 2-normed spaces 


In this section we define A-statistically convergent sequence in random 2-normed (X, Ff, *). 
Also we obtained some basic properties of this notion in random 2-normed spaces. 

Definition 3.1. A sequence x = (x,) in a random 2-normed space (X,F,*) is said to 
be A-satistically convergent or S'-convergent to € € X with respect to F if for every ¢ > 0, 
6 € (0,1) and for non zero z € X such that 


Or({k € Im: Flap — €,23€) <1 -0}) =0. 
In other ways we write 


1 
lim —|t{k € Im: Flan — &,25€) S 1-0} =0, 


or equivalently 
Oy ({k € Im: Flap — €,2;€) > 1 — OF) = 1, 
Lé.; 


Sy- lim F(ap — €,2;€) =1. 
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In this case we write S??N-lima = ¢ or a, > &(SP?%) and SF2N(X) = {x = (ae): TLE 
R, $f2"_lim x = ¢}. Let S22" (X) denotes the set of all A-statistically convergent sequences in 
random 2-normed space (X,F, *). 

Definition 3.2. A sequence x = (x,) in a random 2-normed space (X, F, *) is said to be 
A-statistical Cauchy with respect to F if for every « > 0, 6 € (0,1) and for non zero z € X 
there exists a positive integer n = n(e) such that for all k, s >, 


5a({k € Im : F(x — &5,25€) S1— 6}) =0, 


or equivalently 
b,({k € Im : F(az — £0,256) > 1— 6}) =1. 


Definition 3.1, immediately implies the following Lemma. 

Lemma 3.1. Let (X,#,*) be a random 2-normed space and A = (A,,) € A. If # = (xg) 
is a sequence in X, then for every ¢ > 0, 6 € (0,1) and for non zero z € X, then the following 
statements are equivalent: 

(i) SF?" “limp 5 ee =f, 

(ii) O\({k € Im : Flag — €,z3€) <1 —6}) =0, 

(iii) 6, ({k € Im : F(ax — £, z3€) > 1 — 6}) = 1, 

(iv) Sy-limpoo F(xp — €, z3€) = 1. 

Theorem 3.1. Let (X,F,*) be a random 2-normed space and A = (A,,) € A. If x = (xx) 
is a sequence in X such that gen -lim x, = @ exists, then it is unique. 

Proof. Suppose that there exist elements (1, C2 (¢, 4 €2) in X such that 


oo lim x, = 4; a lim ry, = 9. 
k- 00 k-00 


Let ¢ > 0 be given. Choose r > 0 such that 


Then, for any t > 0 and for non zero z € X we define 


t 
Kalrst)= fk € Im F (1 tn5) <1 rt, 


t 
Kalr.t)= fk € Imi F (1m tn5) <1 r}, 


Since Bee ling 3 zp, = €, and ro eges tc ae LE = 2, we have 6)(Ki(r,t)) = 0 and 
5,(Ko(r,t)) = 0 for all t > 0. 

Now let K(r,t) = Ky(r,t) U Ko(r,t), then it is easy to observe that 5,(A(r,t)) = 0. But 
we have 6)(K°(r,t)) = 1. 

Now if k € K°(r,t), then we have 


t 
2 


t 
Fl, ~ test) > F (ae ~ G25) «F (m C3, 25 )>a rei?) 


It follows by (1) that 
F(é1 — €2,2;t) > (1—-e). 
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Since € > 0 was arbitrary, we get F(¢, — ¢2, z;t) = 1 for all t > 0 and non zero z € X. Hence 
ly) = bo. 

Next theorem gives the algebraic characterization of \-statistical convergence on random 
2-normed spaces. 

Theorem 3.2. Let (X,F,*) be a random 2-normed space, A = (A,) € A and x = (a) 
and y = (yx) be two sequences in X. 

(i) If S£24-lim 2, = £ and c(# 0) € R, then S??%-lim ca, = ce. 

(ii) If S24 lim 2, = €, and SP** lim y, = f2, then Sf2%-lim(a,, + y,) = £1 + £2. 

Proof of the theorem is straightforward, thus omitted. 

Theorem 3.3. Let (X,F,*) be a random 2-normed space and A = (A,,) € A. If x = (xx) 
be a sequence in X such that F-limz, = @ then S¥?N-lim xy, = £. 

Proof. Let F-limz;, = @. Then for every ¢ > 0, t > 0 and non zero z € X, there is a 
positive integer no such that 

F(ap —€,2;t) >1l—-e, 


for all k > no. Since the set 
K(e,t) = {k € Im : F(ap — £,2;t) <1 —e} 


has at most finitely many terms. Also, since every finite subset of N has 6)-density zero and 
consequently we have 6)(K(e,t)) = 0. This shows that $#?-lim x, = &. 

Remark 3.1. The converse of the above theorem is not true in general. It follows from 
the following example. 

Example 3.1. Let X = R?, with the 2-norm ||z, 2|| = |a,22 — v2%|, v = (%1, 22), 2 = 
(21, z2) and ax b = ab for all a, b € [0,1]. Let F(a, y;t) = for all z, z € X, z2 #0 and 
t > 0. Now we define a sequence x = (x) by 


—_t 
t+|[a,yl]? 


(k,0), if m—[VAm] +1<k <m, 
(0,0), otherwise. 


Lh = 


Nor for every 0 <e < 1 and t > 0, write 
K(e,t) = {ke In: F(ap —¢,2;t) <1—e} €= (0,0), 


t 
keln: < € 
{ t+ |p| } 


t 
{k € Im: |ex| > >= > 0} 


= {ke€Im:m [/Am] t1<k<m}, 


e get 
: E t E I — |/ V “Am 


Taking limit m approaches to oo, we get 


1 ml 
d(K(e,t)) = lim <—|K(e,t)| Slim WAml — 9, 
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This shows that 2, > 0(S#2 (X)). 
On the other hand the sequence is not F-convergent to zero as 


t : ~~ 
Flap — £,2;t) = t _ ) ke ee Am] +1 SkSm, 
_ t+ |rel 1, otherwise. 7 


Theorem 3.4. Let (X,F,*) be a random 2-normed space and = (A,,) € A. If # = (a) 
be a sequence in X, then S' aaa -lim x, = ¢ if and only if there exists a subset K C N such that 
6,\(K) = 1 and F-lim a, = ¢. 

Proof. Suppose first that SEN lim ty, = &. Then for any t > 0, r = 1,2,3,--- and non 
zero z € X, let 

A(r, t) = {iE E Im: F(ap — €,2;t) >1- = 


and 


r 


1 
K (rst) = hE Im: Flow ~ 621) <1-}, 


Since S??2N lim a, = ¢ it follows that 


6\(K(r,t)) = 0. 
Now for t > 0 and r = 1, 2,3,--- , we observe that 
A(r,t) D A(r +1,t) 


and 
6,(A(r, t)) = 1. (2) 


Now we have to show that, for k € A(r,t), F-lim «x, = ¢. Suppose that for k € A(r,t), (xx) 
not convergent to @ with respect to F. Then there exists some s > 0 such that 


{k € Im: F(ax — €,2;3t) < 1-5} 
for infinitely many terms xz. Let 


A(s,t) = {k € Im: F(ap — £,2;t) > 1-5} 


and 


1 
s>-,r=1,2,3,---. 
r 


Then we have 


5,(A(s, t)) = 0. 


Furthermore, A(r,t) C A(s,t) implies that 5),(A(r,t)) = 0, which contradicts (2) as 
6y(A(r, t)) = 1. Hence F-lim x, = £. 
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Conversely, suppose that there exists a subset kK C N such that 6,\(K) = 1 and F- 
lima, = &. 
Then for every ¢€ > 0, t > 0 and non zero z € X, we can find out a positive integer n such 
that 
F(a, —€,2;t) >l-e 


for all k > n. If we take 
K(e,t) = {k € Im: Flax — ¢,2;t) < 1-6}, 


then it is easy to see that 
K(e,t) ch = {Nk41, Nk425 i i 


and consequently 
6)(K(e,t)) < 1-1. 


Hence S£24_lim x, = 2. 

Finally, we establish the Cauchy convergence criteria in random 2-normed spaces. 

Theorem 3.5. Let (X,F,*) be a random 2-normed space and A = (A,,) € A. Then a 
sequence (x,) in X is A-statistically convergent if and only if it is \-statistically Cauchy. 

Proof. Let (x;) be a A-statistically convergent sequence in X. We assume that S#?4- 
lim a, = ¢. Let ¢ > 0 be given. Choose r > 0 such that (1) is satisfied. For t > 0 and for non 
zero z € X define 


t t 
A(r,t) = {Elm Flee ~ 625) < i-r} and A°(r,t) = {EE dm? Fler — 8245) >1-r}. 


Since S¥?% — lim a, = £ it follows that 6)(A(r,t)) = 0 and consequently 5)(A°(r,t)) = 1. 
Let p € A°(r,t). Then 


t 
F(x 6255) S1-1, (3) 


If we take 
Bie, t) = {k € Im: F (an — 2p, z;t) < 1 -€}, 


then to prove the result it is sufficient to prove that B(e,t) C A(r,t). Let n € B(e,t), then for 
non zero z € X, 
Fig = te SASS (4) 


lt F (ay, — 2a 0) S 1 —e, then we have fF (2, — 0% z) <1 -r and therefore n € A(r,t). 
As otherwise ie., if F(a — ,2z;§) > 1—r then by (1), (3) and (4) we get 
t t 
L-@> Ft, — tp, St) PF (Sigg dg Be 5) * F (tp — 625 5) 
>(1-r)*(1-r)>(1-6), 


which is not possible. Thus B(e,t) C A(r,t). Since 6)(A(r,t)) = 0, it follows that 6)(B(e,t)) = 
0. This shows that («;) is A-statistically Cauchy. 

Conversely, suppose (x) is A-statistically Cauchy but not A-statistically convergent. Then 
there exists positive integer p and for non zero z € X such that if we take 


A(e,t) ={k € Im : F(a@n — Zp, z;t) < 1—€}, 
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then 
br(Ale, t)) = 0 
and consequently 
5(A°(e,t)) = 1. (5) 
Since 


t 
~)>1l-e, 


F (In — Lp, 2; t) > 2F (an — £, 2; 5 


if F(xp — ¢,2; 4) > 4+5£, then we have 
ba({k € Im : F(&n — Lp, z;t) > 1—e}) =0. 


ie., d,(A%(e,t)) = 0, which contradicts (5) as d,(A‘(e,t)) = 1. Hence (x,) is A-statistically 
convergent. 

Combining Theorem 3.4 and Theorem 3.5 we get the following corollary. 

Corollary 3.1. Let (X,F,*) be arandom 2-normed space and and a = (a) be a sequence 
in X. Then the following statements are equivalent: 

(i) x is A-statistically convergent, 

(ii) x is A-statistically Cauchy, 

(iii) There exists a subset K CN such that 6,\(K) = 1 and F-lim a, = £. 
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81. Introduction 


Topology is the branch of mathematics, whose concepts exist not only in all branches 
of mathematics, but also has the independent theoretic framework, background and broad 
applications in many real life problems. A lot of researchers working on the different structures 
of topological spaces. In ©], §. Kasahara proved that a T; space Y is compact if and only if for 
every topological space X, each mapping of X in Y with a closed graph is continuous. Then 


by a similar methods, Herrington and Long ?! 


proved that a Hausdroff space Y is H-closed 
if and only if for every topological space X, each mapping of X into Y with a strong closed 
graph is weakly continuous. It was shown by Joesph /) that, in the results of Herrington 
2], “mapping” can be replaced with “bijection” . Moreover, using the characterizations of 
compactness mentioned above, Herrington and Long ") obtained that a weakly Hausdroff space 
Y is nearly compact if and only if for every topological space X, each mapping of X into Y 


with a closed graph is almost continuous. Further Thompson §] 


proved that a Hausdorff space 
Y is nearly compact if and only if for every topological space X, each mapping of X into Y 
with an r-closed graph is almost continuous. N. Levine 7] initiated the study of semi-open sets. 
A subset A of a space X is said to be a semi-open set |], if there exists an open set O such that 
OC AC c(O). The set of all semi-open sets is denoted by SO(X). A is semi-closed iff X — A is 
semi-open in X. The intersection of all semi-closed sets containing A is called semi-closure [!) of 
A and is denoted by scl(A). The concept of operation a on a topological spaces was introduced 
by S. Kasahara |]. He showed that several known characterizations of compact spaces, nearly 
compact spaces and H-closed spaces are unified by generalizing the notion of compactness with 
the help of a certain operation of topology 7 into power set of U;. Many reserachers worked on 


this operation a intoduced by Kasahara and a lot of material is available in the literature. 
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The purpose of this paper is the use of mapping 3 : SO(X) — P(X) from the semi-open 
set into power set P(X) of the underlying set X as our main tool, having the property of 
monotonicity and A C (A) for each semi-open sets A, where (A) denotes the value of A 
under 3. Moreover, the operation @ generalize the notions and characterizations defined and 


discussed using the operation a defined and discussed by Kasahara ', 


§2. G-convergence and (3-accumulation 


We start with a mapping 6: SO(X) — P(X) from the semi-open set into power set P(X) 
of the underlying set X, having the property of monotonicity (i.e., A C B implies G(A) C B(B)) 
and A C ((A) for each semi-open sets A, where 3(A) denotes the value of A under 3. The 
mapping ( defined by G(A) = A for each A € SO(X) is an operation on SO(X) called the 
identity operation. The semi-closure operation of course defines an operation on SO(X) and 
the composition sint o scl of the semi-closure operation with semi-interior operation sint is 
also an operation on SO(X). 

Definition 2.1. Let (X,7) be a topological space and @ be an operation on SO(X). A 
filter base [ in X, @-converges to a € X, if for every semi open nbd V of a, there exists an 
F €T such that FC V®. 

Definition 2.2. Let (X,7) be a topological space and @ be an operation on SO(X). A 
filter base in X, G-accumulates to a € X, if FQ V% ¥ 4, for every F € T and for every 
semi-open nbd V of a, where V% denotes the value of V under £. 

For the identity operation (3, the convergence and accumulation contains in G-convergence 
and 3-accumulate. Furthermore, a-convergence and a-accumulate in the sense of Kasahara | 
also contains in G-convergence and (G-accumulates. 

Theorem 2.3. Let (X,7) be a topological space and 7 be an operation on SO(X). Then 
the following hold: 


(i) If a filterbase T in X, G-converges to a € X, then T G-accumulates to a. 

(ii) If a filterbase [ in X is contained in a filterbase which 6-accumulates to a € x, then T 
(6-accumulates to a. 

(iii) If a maximal filterbase in X, G-accumulates to a € X then it G-converges to a. 

Proof. The proof is obvious. 

Note that regularity of operation a in the sense of S$. Kasahara !! follows from the 
monotonicity of operation (3. 

Theorem 2.4. Let (X,7) be a topological space and ( be an operation of SO(X). Ifa 
filter base T in X, G-accumulates to a € X, then there exists a filterbase A in X such that 
Ic A and A, (-converges to a. 

Proof. It follows form the monotonicity of operation ( that the set A = {Fnve: Fer 
and aéV € SO(X)} is a filterbase in X. Clearly the filterbase A generated by A’, 3-converges 
toaandIcaA. 
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§3. G-continuous mappings 


Let (X,7), (Y, T) be two topological spaces and (3 be an operation on SO(Y). A mapping 
f of X into Y is said to be 3-continuous at a € X, if for every semi-open nbd V of f(a), there 
is a semi-open nbd U of a such that f(U) C V°. Clearly f is G-continuous at a € X if and 
only if for every filterbase [ in X converging to a, the filterbase f(T’) G-converges to f(a). A 
mapping f : X — Y is G@-continuous, if f is 6-continuous at each point of X. 

Theorem 3.1. Let (X,7), (Y, T) be two topological spaces and ( be an operation on 
SO(Y). If a mapping f of X into Y is G-continuous, then V € SO(Y) and V8 = V imply 
f-1(V) € SO(X). The converse is true if V9? = V8 € SO(Y) for all V € SO(Y). 

Proof. Suppose V € SO(Y) and V? = V. Then for each « € f~'(G), we can find 
semi-open nbd U of x such that f(U) C V% = V, which implies U c f~1(V). Therefore 
f-1(V) € SO(X). Suppose now that V9 = V8 € SO(Y) for all V € SO(Y) and let a € X. 
Then for each semi-open nbd U of f(a), the set f~1(U®) € SO(X), since U88 = UF € SO(Y). 
From f(a) € U Cc U®%. It follows therefore that f~!(U®) is semi-open nbd of a. Hence the 
proof. 

Definition 3.2. Let (X,7), (Y, rT) be two topological spaces and ( be an operation on 
SO(Y). The graph G(f) of f : X — Y is @-closed if for each (x, y) € (X x Y)\G(f) there exist 
semi-open sets U and V containing x and y respectively such that (U x V°)N G(f) = @. 

Now we characterize (-closed graph which also gives generalization of the Theorem 4 of 
[6]. 

Theorem 3.3. Let (X,r), (Y,7 ) be two topological spaces, 3 be an operation on SO(Y) 
and f : X — Y be a mapping from (X,7) into (Y, T). The the following are equivalent: 

(i) f has a 3-closed graph. 

(ii) Let a € X and there exists a filterbase [ in X converges to a such that f(T) 6- 
accumulates to b € Y, then f(a) = b. 

(iii) Let a € X and there exists a filterbase T in X converges to a such that f(T’) 6-converges 
tobe Y, then f(a) =b. 

Proof. (i)=(ii) Contrarily suppose that f(a) 4 b. Then since G(f) is 6-closed, there 
exists semi-open sets U and V such that a € U, b € V and (U x V°)N G(f) = ¢. Hence we 
can find an F €T such that F C U and f(F)NV% # ¢. However this implies f(x) € V* for 
some x € F, which yields (x, f(z)) € U x V8. A contradiction. 

(ii) (iii) This follows directly form Theorem 2.3. 

(iii) (i) Contrarily suppose that (i) is not true. Then there exists a (a,b) € (X x Y)\G(f) 
such that (U x V°)G(f) 4 ¢ for every semi open nbd U of a and for every semi open nbd V of 
b. Since 3 is monotone follows that T = {Un f-1(V°): a€U € SO(X) and be V € SO(Y)} 
is a filterbase in X. Clearly [ converges to a and f(I') G-converges to b. Which implies that 
(iii) does not hold. This completes the proof. 

Definition 3.4. Let (X,r), (Y,7 ) be two topological spaces, 3 be an operation on SO(Y), 
then f : X — Y is said to be 6-subcontinuous, if for every convergent filterbase [ in X, the 
filterbase f([) 6-accumulates to some point of Y. 

Note that, by Theorem 2.3(i), a G-continuous mapping is 6-subcontinuous. For converse 


implication, we have the following theorem: 
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Theorem 3.5. Let (X,7), (Y, T) be two topological spaces, 3 be an operation on SO(Y). 
If f is G-subcontinuous mapping of X into Y with a (-closed graph, then f is G-continuous. 

Proof. Contrarily suppose that f is not $-continuous. Then there exists aa € X anda 
filterbase Tin X converges to a such that f(I) does not G-converges to f(a). Hence there exists 
a semi-open nbd V of f(a) such that f(F) 1 V° 4 ¢, where V® denotes the complement of 
V® in Y. Clearly, I is contained in the filter A generated by A’, and so A converges to a. But 
f(A) does not 6-accumulate to f(a). On the other hand, since f is G-contnuous, the filterbase 
f(A) G-converges to some b € Y. By Theorem 3.3, we have f(a) = b, which is absurd. This 
completes the proof. 


84. G-compact 


Definition 4.1. Let (X,7) be topological space and @ be an operation on SO(X). A 
subset A of X is said to be G-compact, if for every open cover C of K there exists a finite 
subfamily {G1,G2,--+ ,Gn} of C such that A CU", G? 

Definition 4.2. Let (X,7) be topological space and 3 be an operation on SO(X). Then 
space X is said to be (-regular, if for each « € X and for each semi open nbd V of z, there 
exists a semi open nbd U of z such that U8 CV. 

Clearly compact space (X,7) is G-compact. For the converse, we prove the following. 

Theorem 4.3. Let (X,7) be topological space and ( be an operation on SO(X). If (X,7) 
is G-regular space then (X,7) is compact. 

Proof. Let C’ be a semi open cover of X. Then (-regularity of X implies that the set 
D of all V € SO(X) such that V? Cc U for some U € D is a semi open cover of X. Hence 
X =U", V? for some Vi, Vo, ---, Vn € D. For each i € {1,2,--- ,n}, there exists a U; € D 
such that ve C U;. Therefore, we have X = Ji_, G;. This is completes the proof. 

Theorem 4.4. Let (X,7) be topological space and ( be an operation on SO(X). Then 
the following are equivalent: 

(i) (X,7) is 6-compact. 

(ii) Each filterbase in X ($-accumulates to some point of X. 

(iii) Each maximal filterbase in X 6-converges to some point of X. 

Proof. (i)=(ii) Contrarily suppose that there exists a filterbase [ in X which does not 
G-accumulate to any point of X. Then for each x € X, there exist a F, € [ and semi open 
nbd V, of x such that F, 1 V,2 = ¢. Since the family {V, : 2 € X} is a semi open cover of 
X. Since X is G-compact then we have X = Ui, ve for some 21, %2, -*+, Lm € X; but 
then ();_, F:, 4 ¢ and consequently we have F;,,, ye # ¢, for some m € {1,2,--- ,n},a 
contradiction. 

(ii)=(iii) Since each filterbase is contained in a maximal filterbase in X. This follows 
directly form (iii) of Theorem 2.3. 

(iii) (ii) This is obvious. 

(ii) => (i) pes suppose that (ii) holds and that there exists a semi open cover C' of X 
such that X 4 Ui. 1 Cc for any finite {G,,G2,---,Gn} CC. Let TI denote the set of all sets 
of the form ();_, Gé where n € Zt and G; C C and Co denotes the complement of G? in 
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X. then since [ is filterbase in X, it G-accumulates to some a € x. But then a ¢ G for some 
G €C and so G® €T yields a contradiction G? 1G ¥ ¢. This completes the proof. 

Theorem 4.5. Let (X,7), (Y,7) be two topological spaces and 3 be an operation on 
SO(Y) and f : X — Y be a mapping from (X,r) into (Y,r). If (X,r) is compact and f is 
3-continuous, then f(X) is 6-compact. 

Proof. Let C be a semi open cover of f(X). Denote by D the set of all U € SO(X) such 
that f(U) C V8 for some V € C. Then by (-continuity of f D is semi open cover of X. Hence 
X =Uj_, U; for some U;, U2, --- , Ux € D. For eachi € {1,2,--- ,n}, we can finda Vj €C 
such that f(U;) C V,°. Therefore we have f(X) C Sham ve. Hence the proof. 

Theorem 4.6. If (Y, rT) is a B-compact space for some operation 8 on SO(Y), then every 
mapping f of any topological space (X,7) into Y is 6-subcontinuous. 

Proof. Let I be a convergent filterbase in X. Then by Theorem 4.4, the filterbase f(T) 
G-accumulates to some point in Y. Thus f is G-subcontinuous. 

Theorem 4.7. Let f be a mapping of a topological space (X,7) into another topological 
space (Y, Tt) and 3 be an operation on SO(Y). If (Y, T) is G-compact and f has a (G-closed 
graph, then f is @-continuous. 

Proof. By Theorem 4.6, f is G-subcontinuous and hence it is G-continuous by Theorem 
3.5. Hence the proof. 
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Abstract Al-Thagafi and Shahzad (4 introduced the notion of occasionally weakly compatible 
mappings which is more general than the notion of weakly compatible mappings. The aim of 
the present paper is to prove a common fixed point theorem for occasionally weakly compatible 
mappings in Menger space satisfying a new contractive type condition. Our result never 
requires the completeness of the whole space (or any subspace), continuity of the involved 
mappings and containment of ranges amongst involved mappings. An example is also derived 
which demonstrates the validity of our main result. 

Keywords Triangle norm, menger space, weakly compatible mappings, occasionally weakly 


compatible mappings, fixed point. 


81. Introduction 


Karl Menger !!6! introduced the notion of probabilistic metric space (shortly, PM-space), 
which is a generalization of the metric space. The study of this space was expanded rapidly 
with the pioneering works of Schweizer and Sklar ?!:22], 

In 1986, Jungek !"") introduced the notion of compatible mappings in metric spaces. Mishra 
[7] extended the notion of compatibility to probabilistic metric spaces. This condition has 
further been weakened by introducing the notion of weakly compatible mappings by Jungck 
and Rhoades |!?:!5], The concept of weakly compatible mappings is most general as each pair of 
compatible mappings is weakly compatible but the reverse is not true. In 2002, Aamri and El- 
Moutawakil [!) introduced the well known concept (E.A) property and generalized the concept 
of non-compatible mappings. The results obtained in the metric fixed point theory by using the 
notion of non-compatible mappings or (E.A) property are very interesting. Lastly, Al-Thagafi 
and Shahzad |! introduced the notion of occasionally weakly compatible mappings which is 
more general than the concept of weakly compatible mappings. Several interesting and elegant 
results have been obtained by various authors in this direction [2, 3, 5-10, 14, 15, 18-20, 25). 

In the present paper, we prove a common fixed point theorem for occasionally weakly 


compatible mappings in Menger space satisfying a new contractive type condition. Our result 
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improves many known results in the sense that the conditions such as completeness of the 
whole space (or any subspace), continuity of the involved mappings and containment of ranges 


amongst involved mappings are completely relaxed. 


§2. Preliminaries 


Definition 2.1.!?7] A triangular norm T (shortly t-norm) is a binary operation on the unit 
interval [0,1] such that for all a, 6, c, d € [0,1] and the following conditions are satisfied: 

(i) T(a,1) =a, 

(ii) T(a, b) = T(b, a), 

(iii) T(a, b) < T(c,d) fora<c, b<d, 

(iv) T (T(a,b),c) = T (a, T(b, c)). 


Examples of t-norms are: 
Tw(a, 6) = min{a, b}, Tp(a,b) = a.b and T,(a,b) = max{a+ b — 1,0}. 
Now ¢-norms are recursively defined by Tt = T and 
(he ae) = TT (rye ts 4 We) yaa 


Definition 2.2.7] A mapping F : R > Rt is called a distribution function if it is non- 
decreasing and left continuous with inf{F(t) : t € R} = 0 and sup{F(t):t¢ R}=1. 

We shall denote by & the set of all distribution functions while H will always denote the 
specific distribution function defined by 


0, ift<0, 
1, ift>0. 


H(t) = 


Definition 2.3.!??] A PM-space is an ordered pair (X,F), where X is a non-empty set 
and F is a mapping from X x X to S%, the collection of all distribution functions. The value 
of F at (x,y) € X x X is represented by F,,,. The function F,, are assumed to satisfy the 
following conditions: 

(i) Fay(0) = 0, 

(ii) Fr,y(t) = 1 for all t > 0 if and only if «= y, 

(ii) Fey(t) = Pyelt), 

(iv) Fy,2(t) = 1, F.y(s) =1=> Fry(t+s) =1, for alla, y, ze X andt, s>0. 

The ordered triple (X,F,T) is called a Menger space if (X,F) is a PM-space, T is a 
tnorm and the following inequality holds: 


Ppt a s) 2 TLE alt), Peal 2))s 


for all z, y, z € X and t, s > 0. Every metric space (X,d) can be realized as a PM-space by 
taking F : X x X — S$ defined by F;,,(t) = H(t — d(a,y)) for all z, ye X. 
Definition 2.4.27] Let (X,F,T) be a Menger space with continuous t-norm T. 
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(i) A sequence {x,,} in X is said to be convergent to a point x in X if and only if for 
every € > 0 and A > 0, there exists a positive integer N(e,X) such that Fy, .(€) > 1 —. for all 
n> N(e,A). 

(ii) A sequence {2,,} in X is said to be Cauchy if for every « > 0 and A > 0, there exists a 
positive integer N(e, A) such that Fy, «,,(6) > 1—A for alln, m> N(e,A). 

(iii) A Menger space in which every Cauchy sequence is convergent is said to be complete. 

Definition 2.5.!!7] Two self mappings A and S' of a Menger space (X,F,T) are said to 
be compatible if Fas, sAzx,(t) > 1 for all t > 0, whenever {x,,} is a sequence in X such that 
limyn—o A®n = limn_.. S¥n = z for some z € X. 

Definition 2.6.!!4] Let A and S be two self mappings of non-empty set X. A point « © X 
is called a coincidence point of A and S if and only if Ax = Sz. In this case w = Ax = Sx is 
called a point of coincidence of A and S. 

Definition 2.7.!7] Two self mappings A and S of a non-empty set X are said to be weakly 
compatible if they commute at their coincidence points, that is, if Ax = Sa for some x € X, 
then ASa = SAz. 

Remark 2.1.!?4) If self mappings A and S' of a Menger space (X,F,T) are compatible 
then they are weakly compatible but converse is not true. 

Definition 2.8.!'4] Two self mappings A and S' of a non-empty set X are occasionally 
weakly compatible if and only if there is a point « € X which is a coincidence point of A and 
S at which A and S commute. 

Lemma 2.1.!'4] Let X be a non-empty set, A and S are occasionally weakly compatible 
self mappings of X. If A and S have a unique point of coincidence, w = Ax = Sz, then w is 
the unique common fixed point of A and S. 

Proposition 2.1.!?3) A binary operation T : [0,1] x [0,1] — [0,1] is a continuous t-norm 
and satisfies the condition 


Hittin seg To (1 —atG)) =, 


where a: Rt — (0,1). It is easy to see that this condition implies limy_... a” (t) = 0. 


§3. Result 


Theorem 3.1. Let (X,F,T) be a Menger space with continuous t-norm T. Further, let 
A, L, M and S be self-mappings of X and the pairs (L, A) and (M,S) be each occasionally 
weakly compatible satisfying condition: 


Fre,My(t) 2 1— a(t) (1 — Fiae,sy(t)), (1) 
for all x, y € X and every ¢ > 0, where a: Rt — (0,1) is a monotonic increasing function. 
If 
limp oo T2, (1 _ a‘(t)) =1; 


Then there exists a unique point w € X such that Aw = Lw = w and a unique point z € X 
such that Mz = Sz = z. Moreover, z = w, so that there is a unique common fixed point of 
A, L, M and S. 
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Proof. Since the pairs (£, A) and (MM, 3S) are occasionally weakly compatible, there exist 
points u, v € X such that Lu = Au, LAu= ALu and Mv = Sv, MSv = SMv. Now we show 
that Lu = Mv. By putting x = u and y = v in inequality (1), we get 


Fra welt) = 1—-a@)(1— Pause ()) 
= —a(t)(1 = Fru, Mu (t)) 
> 1-a(t){1—(1—a(t)(1 — Fru,a(t)))} 


= 1-— a?(t)(1 = Fru,Mv(t)) 

> ...2>1- a” (t)(1 = Fu,Mv(t)) > 1. 
Thus, we have Lu = Mv. Therefore, Lu = Au = Mv = Sv. Moreover, if there is another point 
z such that Lz = Az. Then using the inequality (1), it follows that Lz = Az = Mv = Sv, or 
Lu = Lz. Hence w = Lu = Au is the unique point of coincidence of L and A. By Lemma 2.1, 


w is the unique common fixed point of LZ and A. Similarly, there is a unique point z € X such 


that z = Mz = Sz. Suppose that w 4 z and taking x = u and y = z in inequality (1), we get 


Frumz(t) > 1—a(t)(— Fau,sz(t)), 
Fy2(t) 2 1—a(t)(1— Fw,z(t)) 
> ee w,2(t)))} 
= 1-07(t)(1- F,,,(2)) 
> ...21-a”" ()(1 — Fy,(8) 21. 
Thus, we have, w = z. So w is the unique common fixed point of the mappings A, L, M and 
S. 


Now, we give an example which illustrates Theorem 3.1. 


Example 3.1. Let X = [0,1] with the metric d defined by d(x, y) = |x — y| and for each 
€ [0,1] define 


t : 
F (t) _ t]a—y)? ift > 0, 

vy E 
0, ift=0, 


for alla, y © X. Clearly (X,F,T) be a Menger space, where T is a continuous t-norm. Define 
the self mappings A, L, M and S' by 


x, if0<a2¢< i, 2, if0<a2<i, 
L(x) = ee ~ 2? A(a) = ‘3 es ais 
1, ifs<a@<l. 0, if;<a@<l. 
f,. td0<e<4, a f0<o <4, 
M(x) = 2 .f =. 2 S(x) = 2 _ — 2 
1, ifs;<a<l @ ifs<a<l. 


Then A, L, M and S satisfy all the conditions of Theorem 3.1 with respect to the distribution 
function F’y . 


First, we have 
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and 


er 1 ol ; 


that is, L and A as well as M and S are occasionally weakly compatible. Also $ is the unique 
common fixed point of A, L, M and S. On the other hand, it is clear to see that the mappings 
A, L, M and S are discontinuous at 5. Moreover, this example does not hold any condition 
on the containment of ranges amongst involved mappings. 

By choosing A, L, M and S suitably, we can deduce corollaries for a pair as well as for a 
triod of self mappings. The details of two possible corollaries for a triod of mappings are not 
included. As a sample, we outline the following natural result for a pair of self mappings. 

Corollary 3.1. Let (X,F#,T) be a Menger space with continuous t-norm T. Further, let 
A and L be self mappings of X and the pair (LZ, A) is occasionally weakly compatible satisfying 
condition: 

Frx,by(t) 2 1 — a(t) (1 — Faz,ay(t)), (2) 


for all x, y € X and every t > 0, where a: Rt — (0,1) is a monotonic increasing function. 
If 


Witte 9 TS, (1 8 (a)) = 1 


Then A and L have a unique common fixed point in X. 


Acknowledgements 


The authors would like to express their sincere thanks to Professor Ljubomir Cirié for his 


paper [0], 


References 


[1] M. Aamri and D. El Moutawakil, Some new common fixed point theorems under strict 
contractive conditions, J. Math. Anal. Appl., 270(2002), 181-188. 

[2] M. Abbas and B. E. Rhoades, Common fixed point theorems for occasionally weakly 
compatible mappings satisfying a generalized contractive condition, Math. Commun., 13(2008), 
295-301. 

[3] A. Aliouche and V. Popa, Common fixed point theorems for occasionally weakly com- 
patible mappings via implicit relations, Filomat, 22(2008), No. 2, 99-107. 

[4] M. A. Al-Thagafi and N. Shahzad, Generalized I-nonexpansive selfmaps and invariant 
approximations, Acta Math. Sinica, 24(2008), No. 5, 867-876. 


78 


S. Chauhan, B. D. Pant and N. Dhiman No. 1 


5 


A. Bhatt, H. Chandra and D. R. Sahu, Common fixed point theorems for occasionally 


weakly compatible mappings under relaxed conditions, Nonlinear Anal., 73(2010), 176-182. 


6 


H. Bouhadjera, A. Djoudi and B. Fisher, A unique common fixed point theorem for 


occasionally weakly compatible maps, Surv. Math. Appl., 3(2008), 177-182. 


7 


H. Chandra and A. Bhatt, Fixed point theorems for occasionally weakly compatible 


maps in probabilistic semi-metric space, Int. J. Math. Anal., 3(2009), No. 12, 563-570. 


8 
weakly 
17-23. 
9 


S. Chauhan, S$. Kumar and B. D. Pant, Common fixed point theorems for occasionally 
compatible mappings in Menger spaces, J. Adv. Res. Pure Math., 3(2011), No. 4, 


S. Chauhan and B. D. Pant, Common fixed point theorems for occasionally weakly 


compatible mappings using implicit relation, J. Indian Math. Soc., 77(2010), No. 1-4, 13-21. 


10 
sionally 
11 
9(1986) 
12 


Lj. Cirié, B. Samet and C. Vetro, Common fixed point theorems for families of occa- 
weakly compatible mappings, Math. Comp. Model., 53(2011), No. 5-6, 631-636. 

G. Jungck, Compatible mappings and common fixed points, Int. J. Math. Math. Sci., 
, (71-779. 


G. Jungck, fixed points for noncontinuous nonself maps on nonmetric spaces, Far East 


J. Math. Sci., 4(1996), 119-215. 


13 


G. Jungck and B. E. Rhoades, Fixed points for set valued functions without continuity, 


Indian J. Pure Appl. Math., 29(1998), No. 3, 227-238. 


14 


G. Jungck and B. E. Rhoades, Fixed point theorems for occasionally weakly compatible 


mappings, Fixed Point Theory, 7(2006), 286-296. 


15 


G. Jungck and B. E. Rhoades, Fixed point theorems for occasionally weakly compatible 


mappings (Erratum), Fixed Point Theory, 9(2008), 383-384. 


16 
17 
Japon., 
18 
compati 
19 


K. Menger, Statistical metrics, Proc. Nat. Acad. Sci. U.S.A., 28(1942), 535-537. 

S. N. Mishra, Common fixed points of compatible mappings in PM-spaces, Math. 
36(1991), 283-289. 

B. D. Pant and $. Chauhan, Common fixed point theorem for occasionally weakly 
ble mappings in Menger space, Surv. Math. Appl., 6(2011), 1-7. 
B. D. Pant and S. Chauhan, Fixed point theorems for occasionally weakly compatible 


mappings in Menger spaces, Mat. Vesnik, 64(2012), Article in press. 


20 


B. D. Pant and S. Chauhan, Fixed points of occasionally weakly compatible mappings 


using implicit relation, Commun. Korean Math. Soc., 27(2012), No. 3, Article in press. 


21 
334. 
22 


B. Schweizer and A. Sklar, Statistical metric spaces, Pacific J. Math., 10(1960), 313- 


B. Schweizer and A. Sklar, Probabilistic Metric Spaces, Elsevier, North Holland, New 


York, 1983. 


23 


S. Sedghi, T. Ziki¢-DoSenovié and N. Shobe, Common fixed point theorems in Menger 


probabilistic quasimetric spaces, Fixed Point Theory Appl., 2009(2009), Article ID 546273. 


24 
bility, J. 
25 


B. Singh and S. Jain, A fixed point theorem in Menger space through weak compati- 
Math. Anal. Appl., 301(2005), 439-448. 
C. Vetro, Some fixed point theorems for occasionally weakly compatible mappings in 


probabilistic semi-metric spaces, Int. J. Modern Math., 4(2009), No. 3, 277-284. 


Scientia Magna 
Vol. 8 (2012), No. 1, 79-86 


The strongly generalized double difference y 
sequence spaces defined by a modulus 


N. Subramanian? and U. K. Misra? 


{+ Department of Mathematics,S ASTRA University, 
Thanjavur, 613401, India. 
t Department of Mathematics, Berhampur University, 
Berhampur, 760007, Odissa, India. 


E-mail: nsmaths@yahoo.com umakanta_misra@yahoo.com 


Abstract In this paper we introduce the strongly generalized difference 


V22" [A,A" pf] 
= {2= (om) w*: lim dA; ye [Ff (Ai ((m + nA mn) 


mn€Irs 


Voa2™ [A,A™, 9, f] 


= {= = (tmn) € w® : supA;y S- l/ (|Ai (A” tmn) PF 


mn€Irs 


Pi(mn 
yee" <ool, 
i(mn) 


where f is a modulus function and A; = ic, 0) is a nonnegative four dimensional matrix of 
complex numbers and pi(mn) is a sequence of positive real numbers. We also give natural 
relationship between strongly generalized difference V2,2 r2 [A, A”, p, f]|-summable sequences 
with respect to f. We examine some topological properties of V2,2 r2 [A, A™, p, f] spaces and 
investigate some inclusion relations between these spaces. 

Keywords De la Vallee-Poussin mean, difference sequence, gai sequence, analytic sequence, 
modulus function, double sequences. 

2000 Mathematics subject classification: 40A05, 40C05, 40D05. 


81. Introduction 


Throughout w, x and A denote the classes of all, gai and analytic scalar valued single 
sequences, respectively. 

We write w? for the set of all complex sequences (%nn), where m, n € N, the set of 
positive integers. Then, w? is a linear space under the coordinate wise addition and scalar 
multiplication. 

Some initial works on double sequence spaces is found in Bromwich |!, Later on, they 
were investigated by Hardy '®, Moricz !°l, Moricz and Rhoades [!"J, Basarir and Solankan |, 
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Tripathy [8], Colak and Turkmenoglu [°!, Turkmenoglu ?°! and many others. 

Quite recently, in her PhD thesis, Zelter 24] has essentially studied both the theory of 
topological double sequence spaces and the theory of summability of double sequences. Mur- 
saleen and Edely '?5! have recently introduced the statistical convergence and Cauchy for double 
sequences and given the relation between statistical convergent and strongly Cesaro summable 
double sequences. Nextly, Mursaleen 6 and Mursaleen and Edely [27 have defined the almost 
strong regularity of matrices for double sequences and applied these matrices to establish a 
core theorem and introduced the M-core for double sequences and determined those four di- 
mensional matrices transforming every bounded double sequences « = (a;,) into one whose 
core is a subset of the M-core of x. More recently, Altay and Basar !?8] have defined the spaces 
BS, BS (t) ,CSp,CSpp,CS, and BY of double sequences consisting of all double series whose se- 
quence of partial sums are in the spaces M,,,.M,, (t) ,Cp,Cop,C, and £,,, respectively, and also 
examined some properties of those sequence spaces and determined the a-duals of the spaces 
BS, BYV,CSpp and the 6 (v)-duals of the spaces CS, and CS, of double series. Quite recently 
Basar and Sever 9! have introduced the Banach space £, of double sequences correspond- 
ing to the well-known space @, of single sequences and examined some properties of the space 


[30] have studied the space y3, (p,q, u) of double 


£,- Quite recently Subramanian and Misra 
sequences and gave some inclusion relations. 

Spaces are strongly summable sequences were discussed by Kuttner 27], Maddox #%) and 
others. The class of sequences which are strongly Cesaro summable with respect to a modulus 
was introduced by Maddox ©! as an extension of the definition of strongly Cesiro summable 
sequences. Connor 4) further extended this definition to a definition of strong A-summability 
with respect to a modulus where A = (a,x) is a nonnegative regular matrix and established 
some connections between strong A-summability, strong A-summability with respect to a mod- 
ulus, and A-statistical convergence. In [35] the notion of convergence of double sequences was 
presented by A. Pringsheim. Also, in [36]-[40] the four dimensional matrix transformation 
(At), ¢ = Vai Deni Me Lmn was studied extensively by Robison and Hamilton. In their 
work and throughout this paper, the four dimensional matrices and double sequences have 
real-valued entries unless specified otherwise. In this paper we extend a few results known in 
the literature for ordinary (single) sequence spaces to multiply sequence spaces. A sequence 
Z = (2i(mn)) is said to be strongly (V2, Az) summable to zero if tys (|x|) > 0 as r,s > oo. 


Let A = ach) be an infinite four dimensional matrix of complex numbers. We write 


Ag= (A; (a) ) i Ape) => 3 Ye acy) mn converges for each i € N. 
Let p = (Pmn) be a sequence of positive real numbers with 0 < pmn < SUpPmn = G and 
let D = maz (1,2°-') . Then for @mn, bmn € C, the set of complex numbers for all m, n € N 


we have 


—i_ pil —_1_ 
lamn + Pmmnl SD { amn|* + [bmn } (1) 


The double series ene Lmn is called convergent if and only if the double sequence (8 7,) 
is convergent, where 8mn = Do; 7", rig(m,n € N) (see [1]). 


1/m+n 


A sequence & = (2mn) is said to be double analytic if sup,,,, |@mn_| < oo. The vector 


space of all double analytic sequences will be denoted by A?. A sequence x = (2m) is called 
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yi/ m+” _. Q as m,n — oo. The double gai sequences will 


double gai sequence if ((m +n)! |amn| 
be denoted by x?. Let ¢ = {all finite sequences} . 

Consider a double sequence x = (x;;). The (m,n)*” section a!" of the sequence is defined 
byl ys 1-70 %ij Siz for all m, n € N, where S;; denotes the double sequence whose only 


non zero term is a I in the (i,j) place for each i, 7 EN. 


1 
G+ 
The notion of difference sequence spaces (for single sequences) was introduced by Kizmaz 


[31] ag follows: 
Z (A) = {a = (ay) € w: (Az) € Z}, 


for Z = c, co and €., where Ax, = x, — 41 for all k € N. Here w, c, co and ¢. denote 
the classes of all, convergent, null and bounded sclar valued single sequences respectively. The 
above spaces are Banach spaces normed by 


|||] = |i] + supg>, [Ave] . 


Later on the notion was further investigated by many others. We now introduce the 
following difference double sequence spaces defined by 


Z(A)=41e— Gan) Cw" 2 (Atma) © 2} 


where Z = A”, x? and Agmn = (2mn — @2mn+1) — (m4in — m4insi) = fmn — Pmn41 — 
Lm+in +Lm+4in41 for allm, n€N, Amn = AA" ~!2mn for all m, n EN, where Amn = 
Dg gy A ei PA esi tot all my, WEN, 

Definition 1.1. A modulus function was introduced by Nakano !"#!, We recall that a 
modulus f is a function from [0,co) > [0, 00) , such that 

(i) f (x) = 0 if and only if x = 0, 

(ii) f(e@t+y) < f(x) + f(y), for alle >0,y>0, 

(iii) f is increasing, 

(iv) f is continuous from the right at 0. 
Since |f (x) — f (y)| < f (\@ — y]), it follows from condition (iv) that f is continuous on [0, 00). 

Definition 1.2. The double sequence Az = {(f,ts)} is called double Az sequence if 
there exist two non-decreasinig sequences of positive numbers tending to infinity such that 
Broa < Br +1, BG. =1 and ps41 < ws +1, wy = 1. The generalized double de Vallee-Poussin 
mean is defined by 


bg = tes (Graz) _ = ae a Tmny 


where A,;s = 3; + fis and I, = {(mn):r—6,+1<m<r,s—pstl<n<s}. 
A double number sequence x = (mn) is said to be (V2, \2)-summable to a nunmber L if 
P-lim,s tps = L. If Ay; = rs, then then (V2, A2)-summability is reduced to (C, 1, 1)-summability. 


§2. Main results 


Let A = (aie) is an infinite four dimensional matrix of complex numbers and p = 


(Di(mn)) be a double analytic sequence of positive real numbers such that 0 < h = inf; pi¢mn) < 
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SUP; Pi(mn) = H < co and f be a modulus. We define 


= " = (Gin) Cw" s Bittins iced, >, i (|4: ((m + n)!A" mn) 


mn€I+s 


NI" =o}. 


Von2™ [A, A”, D, f] 


= " = (fmn) € w? : supp,sA;, > i (|4 (A™amn) mn 


mn€lys 


Pi(mn) 
)] <ow?, 


where A; (Az) = Or oy fe NP a 
Theorem 2.1. Let f be a modulus function. Then V2,2 »2{A,A™, p, f] is a linear space 
over the complex field C. 


Proof. Let x, y € V2,2> 2[A,A™,p, f] and a, uw € C. Then there exists integers D, and 
D,, such that lo] = < Dg and |u 


we have 
-1 
few S [i (|> 
mn€Iys 


DDE, >, E (|> 


mn€lys 


+DD!X,} > E (| 


mn€I-s 


men < D,. By using (1) and the properties of modulus f, 


yp 
i 


Pi(mn) 
y 5 amteaile ke > ((m+n)la™ Linn) ™ mn ) 
m=l1n=1 
This proves that V2.2 2 [A, A™, p, f] is linear. This comples the proof. 
Theorem 2.2. Let f be a modulus function. Then the inclusions V2,2 2 [A,A™,p, f] C 
Voa2” [A, A”, p, f] hold. 
Proof. Let « € V2,2*? [A, A”, p, f] such that t > (V2,2*2 [A, A”, p, f]) . By using (2), 


we have 
yer" 


= sup rsd YO [Ff ([Ai((m + m)t"ann) = 0+ 0))] 


w(mn m mn 
» > an, B (m+ n)IA™ (aatmn + H&mn))™™ 


m=l1n=1 


mn nh oe 
»; y ama; ile D ((m + n)!A™ rman)" 


m=l1n=1 


IA 


— 0, asr,s—-o. 


sup dad > [Ff (|Ai (m+ 0)! inn) 


Pi(mn) 


mn€Irs 
Pi(mn) 
= BaD [7 (Ai (rm + nyt Linn? -0|)] 
+Dsupr. S > [Ff (Jo))]or 
" mn€lrs 
< Dsuprx) YO [fF ([Ai (m+ nA" nn) — of)" 


mn€lys 


+7 max { f (j0l)", f (lol) } 


< Ww. 
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Hence x € V2a2*? [A, A™, p, f] . Therefore the inclusion Ves [A, A™, p, f] C Von2*? [A, A™, p, f] 
holds. This completes the proof. 
Theorem 2.3. Let p= (Pi(mn)) € A?. Then V2,2*? [A, A”, p, f] is a paranormed space 


)] een) rd 
where M = max (1, sup; pi) 
Proof. Clearly g(—x) = g(a). It is trivial that ((m+ n)!A™ mn) mR = 0 for tmn = 0. 
Hence we get g(0) = 0. Since #% <1 and M > 1, using Minkowski’s inequality and definition 
of modulus f, for each (r,s), we have 


g (2) = supys (Ara Dannetes [F (]Aé ((0m0 + 2A" man) 


ti 
T 


ry 
rey 
rey 


Now it follows that g is subadditive. Let us take any complex number a. By definition of 


& S- ly (|4: ((ra + n)A™ (yan + Bran) 


mn€lps 


< ( Se [F (lAe (Cm + nyt ryan) 


mn€ly-s 


+ (aa S- ly (|4 (m+ n)!A" Yn) = 


mn€lps 


modulus f, we have 


== 
M 


g(ax) = sup bo [Ff (]As (mt nA aan) 


mn€Ips 


yr) 


< Kitg(z), 


1 
m+n 


where K = 1+ lle 


implies g (ax) — 0. Similarly « — 0 and a — 0 implies g(axz) — 0. Finally, we have x fixed 


({|t|] denotes the integer part of t) . Since f is modulus, we have x — 0 


and a — 0 implies g (aw) — 0. This comples the proof. 
Theorem 2.4. Let f be a modulus function. Then V2,2*? [A, A”, p] C V2,2% [A,A™, p, f]. 
Proof. Let « € V2,2*? [A,A™, p]. We can choose 0 < 5 < 1 such that f (t) < € for every 
t € [0,00) with 0 < t < 6. Then, we can write 


= fe S- ly (|4 ((m + n)IA™ tmnn) 


mn € Irs 


yer 
qe 


a oe 
Aj ((m4+ n)!IA™amn) al <6 


es s- i (|4i ((m + n)!A" ayn) 


mn € Irs 


dies 
A; ((m + n)J!IAMamn) MFT! > 5 


max { f (6)", f (6) } + max {1, (2f (1) 81)" bag 


IA 
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yee" 


: > [Ff ([4i ((rn + n)LA™ 2 mn) 


mn € Irs 


a ae 
Aj ((m4 n)!IA™amn) Mr] > 6 


Therefore x € V2,2 A2{A,A™,p, f]. This completes the proof. 
Theorem 2.5. Let 0 < pi(mn) < Gi(mn) and { Boum} be bounded. Then Vor. [A,A™,¢, f] Cc 
V2.2 [A, A”, 0; rile 


Proof. Let 

LE V2,2 [A, A”™ 4, fl ) (2) 

_ a 1 |\ 7 Gi(mn) 
x D i (|4 ((m + n)IA™ Linn) ™" )| +0 asT,s—> 00. (3) 

mn€l;-s 

4 Am = Gi(mn) 

Let t; = Az, Deis i (|4i (m+ n)J!IA™ ann) ™ )| +0 asr,s — 00 and Yi(mn) = 
Pi(mn) 


eae Since piimn) < Gi(mn), We have 0 < Yi¢mn) < 1. Take 0 < 7 < Yi~mn). Define uj = ti(t; = 
1), u; = O(t; < 1) and v; = O(t; > 1), vi = tilt; < 1). Ge =U + ui, oe = rn + pe 
Now it follows that 


Yi(mn) Yi(mn) “y 
U; <u <t and v; <u. (4) 


Yi(mn) 
)| di(mn) 


: Yi(mn Vi(mn Yi(mn Yi(mn 
Leigh a PO ag og ie oS by (4); 


a 


& S- [F (|4s ((r + nA" aman) 


mn€lrs 


< pe S- ly (|i (m+ n)!A™ tenn) ‘ae 
mn€lys 
Pi(mn) 
(x » IF ({4 ((m + n)!A" mn) wey 
mn€lps 
rs A m —— di(mn) 
< 2 23] [F (|Ai (om + m).A™ 2m) |) )”, 
(0 Se ly (|4 (m+ n)!A™ tn) rr) 
mn€lrs 
< M2 [F(A mt ita rnn) |)”. 


mn€l rs 


But On Peach. i (|4i (m+ nA" tinn) )| seis oer 0 asr,s — oo. By (3), therefore 
On baer a i (|4i ((m+ n)!A" ayn) yer”) — 0 as r,s — oo. Hence 


te V2,2*2 [A,A™, p, f]. (5) 


From (2) and (5), we get V2.2? [A,A™,q, f] C V2,2*2 [A, A”, p, f]. This completes the proof. 
Theorem 2.6. (i) Let 0 < inf p; < pj < 1. Then V2,2*? [A, A”, p, f] C V2,2%2 [A,A™, f], 
(ii) Let 1 < p; < supp; < co. Then V2,2 [A,A™, f] Cc V2,2? [A,A™, p, f], 
(iii) Let 0 < pj < q < 00 for each i. Then V2,2*? [A,A™,p, f] C V2,2*? [A,A™,¢, f]. 
Proof. The proof is a routine verification. 
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§1. Introduction and preliminaries 


Let A be the class of all functions f which are analytic in the open unit disk E = {z € 
C: |z| < 1} and normalized by the conditions that f(0) = f’(0) —1=0. Thus, f € A has the 


Taylor series expansion 


f(ij=z2t+ Saez? 
k=2 


Let A, denote the class of functions of the form f(z) = 2? + S- a,z*, pe N= {1,2,3,---}, 
k=p+1 
which are analytic and multivalent in the open unit disk E. Note A; = A. For f € Ap, define 


the multiplier transformation J,(n, ) as 


I,(n, A) f(z) = 2? + S- ek (A >0,n € No = NU {0}). 


The operator I,(n, \) has been recently studied by Aghalary et al.!J. I, (n,0) is the well-known 
Saldgean |6) derivative operator D”, defined for f € A as under: 


D" f(z) =z2+ S- kage. 
k=2 


For two analytic functions f and g in the unit disk E, we say that f is subordinate to g 
in E and write as f ~ g if there exists a Schwarz function w analytic in E with w(0) = 0 and 


|w(z)| <1, z € E such that f(z) = g(w(z)), z € E. In case the function g is univalent, the 
C g({E). 


above subordination is equivalent to: f(0) = g(0) and f( 


Na 
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Let ® : C? x E = C be an analytic function, p be an analytic function in E such that 


(p(z), zp'(z); z) € C? x E for all z € E and h be univalent in E. Then the function p is said to 


satisfy first order differential subordination if 
®(p(z), zp'(z); z) < hz), B(p(0),0;0) = h(0). (1) 


A univalent function gq is called a dominant of the differential subordination (1) if p(0) = q(0) 
and p < q for all p satisfying (1). A dominant q that satisfies ¢ < q for each dominant g of (1), 
is said to be the best dominant of (1). 

Owa |], studied the class B(a, 3) of functions f € A satisfying the following inequality 


9 (LOU) 5 5 see 


a 


Owa [°), proved that if f € B(a, 3), then R (®) > pane 


14+ 2a’ 
Liu ©], studied the class B(A,a,p, A, B) which is analytically defined as under: 


B(A, a,p, A, B) = {Fe Api a (2) | re (Oy . eat 


wherea>0, A>0, -1<B<land AFB. 
Liu ©], investigated the class B(A,a,p, A, B) to find the dominant F such that 


whenever f € B(A, a, p, A, B). 
As a special case of our main result, we, here, obtain the function h such that f € Ap, 


@=%) (By nts (2) <n, 2z€E 


zP pf(z) \ # 


f(z)\* 1+Az 
-1<B<A<1. 
(4 = Tap, er 


f(z) 


satisfies 


then 


Lecko |?! also made some estimates on , f € Ain terms of certain differential subor- 
dinations. 

In the present paper, we study a certain differential subordination involving the multiplier 
transformation I,(n, A), defined above. The differential operator studied here, unifies the above 
mentioned differential operators. Our results generalize and improve some know results. We 
also obtain certain new results. 


To prove our main result, we shall make use of the following lemma of Miller and Macanu 
[4] 


Lemma 1.1. Let ¢g be univalent in E and let 6 and ¢ be analytic in a domain D containing 


q(E), with o(w) # 0, when w € q(E). Set Q(z) = zq'(z)¢[a(z)], h(z) = Ola(z)] + Q(z) and 
suppose that either 


(i) h is convex, or 
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(ii) Q is starlike. 
In addition, assume that 
(ii) R ZO >0, 2€E 
If p is analytic in E, with p(0) = q(0), p(E) c D and 


A[p(z)] + 2p'(2) olp(2)] < Pla(2)| + 24'(2)ola(2)], 


then p(z) ~ q(z) and q is the best dominant. 


§2. Main results 


In what follows, all the powers taken are the principle ones. 
Theorem 2.1. Let a and @ be non-zero complex numbers such that (G/a) > 0 and let 


L B 
fe Ap, (eer) #0, z €E, satisfy the differential subordination 
z 
B 4 = 
im AF\ [yg y git Laie] 1+Az, a (A-BYe 
2 Inf) | ~1+Bz* B+ 0+ BP 
then P 
(Here) gE 2fo9 At. oe 
zZP 1+ Bz 
The dominant the is the best one. 
B 
Proof. Write u(z) = (2eare)) . A little calculation yields that 
z 
lon He)" font 1 F3) ay 
l-a+a = ul(z) + =x 2 (2). 3 
or Tere) |~“? + porn 
Define the functions @ and @ as under: 
a 
O(w) =w and ¢(w) = ——.. 
“a = Bey) 
Obviously, the functions @ and ¢ are analytic in domain D = C and ¢(w) #0, w € D. Setting 
q(z) = . = = —-1<B<A<1, z€Eand defining the functions Q and h as follows: 
+ Bz 
a a (A-— B)z 
Q(z) = zq'(z)b(q(z)) = ——~- 2 (z) = 
2) = A GD = Beat) = BoE) (1+ Be) 
and 
ray 1+ Az a (A- B)z 
h(z) =0 = ——__zq'(z) = . 4 
(2) = (2) +O) =) + a= te tg tape 


A little calculation yields 


ay) ae Pige 
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i.e., Q is starlike in E and 


n (Zo) =# (+2 +(p+2)3) =n (=) + (p+A)R (<) >0,2€E 


Thus conditions (ii) and (iii) of Lemma 1.1, are satisfied. In view of (2), (3) and (4), we have 


A[u(z)] + 2u'(z)d[u(z)] < Ola(z)] + 2q'(z)ela(2)]. 


Therefore, the proof follows from Lemma 1.1. 

For p = 1 and \ = 0 in above theorem, we get the following result involving Salagean 
operator. 

Theorem 2.2. If a, (@ are non-zero complex numbers such that R(3/a) > 0. If f € 


n B 
A, (7) #0, z €E, satisfies 


(Pie | Pe) tae a (A— B)z 


1<B<A<1, zeE, 


z D" f(z) 1+Bze 6(14+ Bz)?’ 
then 
D" f(z) PD ghe 
=, 2 
z 1+ Bz 
The dominant pas is the best one. 


§3. Dominant for f(z)/z’, f(z)/z 


In this section, we obtain the best dominant for f(z)/z? and f(z)/z, by considering par- 
ticular cases of main result. Select 4 = n = 0 in Theorem 2.1, we obtain: 


Corollary 3.1. Suppose a, ( are non-zero complex numbers such that #(G/a) > 0 and 


B 
if f € Ap, (2) 0, 2 €E, satisfies 


gP 


then 


B 4 
(=) yet 7 ey ead, sen 


Taking 6 = 1 in above theorem, we obtain: 


Corollary 3.2. Suppose a is a non-zero complex number such that R(1/a) > 0. If 


fEAp,, P() #0, z EE, satisfies 


zP 


f(z) f(z) .14+Az a(A-B)z : 
a + Q » 2 
ZP pzP-! = 14 Bz p(14+ Bz) 


then f(z) 14+ Az 


< 
zP 1+ Bz’ 


1<B<A<1,2z€E. 
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On writing a = 1 in Corollary 3.1, we get: 


Corollary 3.3. Let @ be a complex number with # (3) > 0 and let f € Ap, (Z 


0, z €E, satisfy 
zf'(z) (fl2)\\" 14+ Az 1 (A-B)z 
1<B<A<l y 
pf(2) ( ee) ~T+Be" pB(i+ Be FSO SES 
then i 
f(z) Z 1+ ae : 
zP 1+ Bz 
Selecting a = 3 = 1/2 in Corollary 3.1, we get: 
Corollary 3.4. If f € Ap, 4/ Me) #0, z €E, satisfies 
f(z) ia zf'(z) y 2(1+Az) 2(A-B)z 
2P ' pf (z) 1+ Bz p(1+ Bz)?’ aac 
then 
fe) poe 1<B<A<1,2¢E. 
zP 1+ Bz 


Taking p = 1 in Corollary 3.2, we have the following result. 


Corollary 3.5. If a@ is a non-zero complex number such that R(1/a) > 0 and if f € 


A, — #0, z EE, satisfies 
f(z) , 1+ Az (A-— B)z ; 
1—a)—— 1<B<AK<l ) 
(1— a) . HOP) 37 ps + 4 Ba) < <1, ze€E£, 
then t(2) acd 
z + Az 
x 
Zz 1+ Bz’ 
Writing a = 1 in above corollary, we obtain: 
Corollary 3.6. If f € A, F(2) 0, 2 €E, satisfies 
Zz 
1+Az (A-B)z 
; 1<B<A<1 7 
TO"7ag.* Gener S29 ses heck, 
then 
f(z)  1+Az 
z 
z 1+ Bz’ 
Setting p = 1 in Corollary 3.3, we have the following result: 
B 
Corollary 3.7. If 3 isa complex number with #(@) > 0 andif f € A, (®) #0, 2€ 
z 
(, satisfies 
PUA" ,1+Ae , 1 (A—B)z . 
1<B<A<l y 
we "tebe BAe ee 
then r 
f(z) 2 1+ aa F 
Zz 1+ Bz 
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Setting p = 1 in Corollary 3.1, we obtain the following result that corresponds to the main 
result of Shanmugam et al. [7), 
Corollary 3.8. If a, $ are non-zero complex numbers such that R(G/a) > 0. If f € 


B 
A, (®) #0, z €E, satisfies 


6 (22) ont DY ga 


then 


B 4 
Ola Me W128 24S1, 4eR 
z 1+ Bz 


§4. Dominant for f!(z)/z?~', f'(z) 


In this section, we find the best dominant for f’(z)/z?~' and f’(z) as special cases of main 
result. Select A = 0 and n = 1 in Theorem 2.1, we obtain: 
Corollary 4.1. Let a, $8 be non-zero complex numbers such that #(3/a) > 0 and let 


’ B 
fe Ap, (53) #0, z EE, satisfy 
pz 


p-1 


ama (ser) +5 (1+ Fey) Goa) «rept wireae oe 


then 


1<B<A<l y 
pzP-l 1+ Bz’ SPSS es 


(Za). 14 Az 


Taking 6 = 1 in above theorem, we obtain: 
Corollary 4.2. Suppose a is a non-zero complex number such that R(1/a) > 0. If 


f E Ap, fe #0, 2 €E, satisfies 
f(z) a@ f'(z) zf"(z) 14+Az a(A-B)z 
ear Caat ig eraser ee 
then 


(2) _, v(l+ Az) 
gp 1+ Bz’ 
On writing a = 1 in above corollary, we get: 


/ 
Corollary 4.3. If f € Ap, u 2 #0, z €E, satisfies 
pz 


1<B<A<1,zEE 


f@) , fF"), w+ Az), p(A—B)z ; 
< < 1, 
ot 1+ Bz + Ba?’ 1<B<A<1, zeE, 


us (2), p+ Az) 
z pil + Az 
oie 1+ Bz nee 


Taking p = 1 in Corollary 4.2, we have the following result: 
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Corollary 4.4. If a is a non-zero complex number such that R(1/a) > 0 and if f € 
A, f'(z) 40, z €E, satisfies 


1+ Az (A- B)z 
: uf | 1<B<AK<l y 
f(z) +azf (2) <i> Be T+ Ba)? <B<A<l1,zeE, 
then tea 
! TAZ 7 
fr) < Ty, ze 
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§1. Introduction 


Let X be an arbitrary real Banach Space and let J: X — 2*” be the normalized duality 
mapping defined by 


I(t) ={f eX*: <a, f >= |la||? = |||}, Ve eX, (1) 


where X* denotes the dual space of X and < .,. > denotes the generalized duality pairing 
between X and X*. The single-valued normalized duality mapping is denoted by 7. 

Let K be a nonempty subset of X. A map TT: K — K is strongly pseudocontractive if 
there exists k € (0, 1) and j(a — y) € J(x — y) such that 


(Tx—Ty, j(@—y)) < kllx —yll’, Ve, ye K. (2) 


Amap T: K — K is strongly accretive if there exists k € (0, 1) and j(a#— y) € J(a— y) such 
that 


(Se — Sy, j(a—y)) = kile — yl’, Va, y € K. (3) 


In (2), take k = 1 to obtain a pseudocontractive map. In (3), take k = 0 to obtain an accretive 
map. 

Recently, Zhang |! studied convergence of Ishikawa iterative sequence for strongly pseudo- 
contractive operators in arbitrary Banach spaces under the condition of removing the restriction 
of any boundedness. In fact, he proved the following theorem: 

Theorem 1.1. Let X be a real Banach space, K a non-empty, convex subset of X and 


let T be a continuous and strongly pseudocontractive self mappings with a pseudocontractive 
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parameter & € (0, 1). For arbitrary zo € K, let Ishikawa iteration sequence {x,,}§° be defined 
by 


Engi = (1—an)tn + anT yn, 
where Qn, Bn € (0, 1], and constants a, 7 € (0, 1—k) are such that 


O0<a<a,<1l—-—k-7,n>0, (5) 


If |[T'yn — Trn+1|| - 0 as n > oo, then the sequence {2,,}3° converges strongly to a unique 
fixed point of T € K; Moreover, 


Ite — pll < (1 —ar)*I9 — pj? + (EM 


where M = supZs||Tyn — T2n41||?. 

This result itself is a generalization of many of the previous results (see [4] and the references 
therein). 

Let p > 2 be fixed. Let T;: K — K,1<1i<p, bea family of maps. We introduce the 
following modified multi-step Noor iteration: 


Grit = (1— On) tn + OnNys, 


Yn = (1—a%)tn + ob Tisiyn, t= 1,--- ,p—2, 
P~1 = (1—aP*)an +a? Tyan, (6) 
where the sequences {a,}, {a‘,} (i = 1,---,p— 2), in [0, 1) satisfies certain conditions. It is 


clear that the iteration defined by (6) is a generalization of the Ishikawa iteration (4). 
Let F(T,,--- ,T>) denote the common fixed points set with respect to K for the family 


T\,:+: , Zp. In this paper, following the method of proof of Zhang [4] 


, We prove a convergence 
results for iteration (6), for strongly pseudocontractive maps when the iterative parameter 
Q,, satisfies (5). These results extend and equally improve the recently obtained results from 
[4]. We give numerical example to demostrate that the modified multi-step Noor iteration (6) 
converges faster than the Ishikawa iteration [, 

Lemma 1.1.1?! Let X be real Banach Space and J: X — 2*” be the normalized duality 


mapping. Then, for any z, y € X, 
Iz + yl? < lle? +2 <y, f(e+y) >, Vilat+y) € J(et+y). 


Lemma 1.2.) Let {a,} be a non- negative sequence which satisfies the following inequal- 
ity 
Pn+1 < (1 _ A) Pn + Ons 


where An € (0, 1), Vn EN, S072 An = 00 and 6, = o(An). Then limp. an = 0. 
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§2. Main results 


Theorem 2.1. Let p > 2 be fixed, X be a real Banach space and K a non-empty, convex 
subset of X. Let 7, be a strongly pseudocontractive map and 7o,:--,7,: K — K, with 
pseudocontractive parameter k € (0, 1), such that F(T),--- ,T,) # ¢. If a, 7 € (0, 1—&), 

€ [0, 1) satisfies (5), a € K, and the following condition is satisfied: 


lim ||Tyn — T2n41|| =0, (7) 
Mt— CO 
then the iteration (6) converges strongly to a unique common fixed point of T,,--- ,T, which 


is the unique fixed point of 7}. 


Moreover, 


(1 — (1 — 2ar)”)M 


lltn — pll < (1 — 2ar)"|[x0 — pll? + ( 


where M = sup gq llTiyn Scere t| ae 
Proof. Since T; is strongly pseudocontractive, then there exists a constant k so that 


(Tye — Thy, j(e—y)) < llz — yl’, 
Let p be such that Tip = p. From Lemma 1.2, we have 


En+1 — P, J (Zn41 — p)) 
(1 = Qn) 2n + OnTYn — (1 — On)p — On; j(Cn41 — P)) 
(1 —an)(n — p) + An(TiYn — P),5(n+1 — P)) 
(1 — an)(@n — p);5(&n41 — p)) 
+(an(Tiyn — p);5(tn+41)) 
= (1-Qn)(fn — p,5(Zn41 — P)) 
tan (Tiyn — Ttn41,9(Cn+41 — P)) 


lent — pl? = 


( 
( 
= a 
( 


Tn (Tesi = eee = p))- (8) 
By strongly pseudocontractivity of T;, we get 
Og Tae —P,; Wen1)} & Ank||2n41 — pl, 


for each j(@n41— p) € J(an41 — p), and a constant k € (0, 1). 


From inequality (8) and inequality ab < ae we obtain that 


1 
(1 — an)|l@n — pllllansa — ell S 5(1— @n)||en — pll? + llarnta — ell? (9) 


and 


1 
An||Tiyn — T1en+41l|/en41 — ell S 5 (I[Ziyn T1En41|? + a%||2n+1 — pl’). (10) 
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Substituting (9) and (10) into (8), we infer that 


— 


|Pn43 ~~ || < = ~~ On)? ||En On ||? lenge ll’) 
2 


1 
+5 (Tian — T1241? + a4 ||2n41 — ell?) 


tan k||n41 — p\|?. 
Multiplying inequality (11) by 2 throughout,we have 
2\znt1 — all? < (L—an)? len — oll? + [enti — all? 


+|[Tiyn — Titn41||? +o? |etn41 — all? 


+2ank||2n41 — pll?. 


By collecting like terms ||z,+41 — p||? and simplifying, we have 
(1 — 2ank — af) |ltn+1 — pll? < 1 — an)? len — oll? + |[Tign — Thensall?, 
using (5), we obtain 


(l—a,)? < 1-—20,+a,(1-—k-—7)=1-a0,—kr 
2 


n? 


< 1-2ank-ant <1—-—2a,k—-—a 


thus 
(1 — an)? 
lene? < G2) hen — pl? 
_|Tige — Thtnea|l? 
' 1 —2ank — a2 ’ 
for all n > 0. 


Since k, a», € (0, 1) and constants a, 7 € (0, 1 — k) we have 
l-a, >k-+r. 


From (13), one can have 


1 Z 1 2 1 
1—2an,k—a2 ~ (l-—an)? ~ (k+7)?° 


(11) 


(12) 


(13) 


(15) 


(16) 
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From the above and (14) we have 


1 — ap)? [Tign — Titn+1|l? 
— ll? < ( ” n 74 " 7 
ll=nta— ell” Saag Rae lite — ell’ + Tank oF 
1 — 2a,k — a2 . 
ign — Tien ll? 
© 1=2ank — a2 
Qn(2k + an) 
= 5 n)-(14 n 2 
(1 —an)*( 1 —20,k — a2 I pl| 
ign — Titel? 
' 1 2ank — a2 
n(2k + On)(1 — On)? 
= (day)? + 22@R+ on) O0) Hh, — pf 


1 — 2ank — a2 


_WZign — Trtn411l? 
' 1=2ank — a2 


< (L-an)? tan (2k + an) |len — ell? 
(age — Thtnsall? 
"1 2ank — a2 

= (1-2an(1-k—an))||en — all? 
Wyn = Titra ll? 
"1 —2ank — a2 

< (1-2ap(1—-k-(1—k-7)))||2n - oll? 


Figen — Tite ||? 
Lae 


|Tivn —_ Py ca ||F 


= (1-2an7)|lan — ell? 4 


(k+ 7)? 
|Tivn — T2411? 
< (1—2ar)|lz, — all? 4 ea? ; (17) 
for all n > 0. Set A = 2a7, pn = ||2n — pll?, On = [ate eal 


Lemma 1.2 ensures that 2, — p as n — oo, that is, {z,,} converges strongly to the unique 
fixed point p of the 7}. 
Observe from inequality (17) that 


llt1 — pl? < (1 — 2a7)||20 — pll? + M 

llz2— pl? < (1 -2ar)||21 — pl|? + M 
< (1—2ar)[(1 — 2ar)||zo — p|l? + M) + M 
= (1 -2ar)?||zo — pl? + M+ M(1 -2ar) 


lItn — pli? << (1—2ar) "Jaro — pll? + G-G=227)") yy, 


2aT 
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for all n > 0, which implies that 


(1 — (1 — 2ar)”) 
2aT 


len — pll < ((L — 2a7)||20 — pll? + 


where M = sup{ gpzellTiyn — Titn41|’}- 
This completes the proof. 

Remarks 2.1. Theorem 2.1 improves and extends Theorem 1 of Zhang “I in the following 
sense: 

(i) The continuity of the map is not necessary. 

(ii) We replaced Ishikawa iterative process by a more general modified multi-step Noor 
iterative process. 

(iii) We obtained a better convergence estimate. 

We consider iteration (6), with Tjv = f; + J — S;)z, 1 <i<pand p > 2, I the identity 
operator, {an}, {a%,} (¢=1,--- ,p—2), in [0, 1) satisfying (5): 


In41 = (1 _ Qn)Ln te Gin (fi 7 (I — S1)Yn)s 
Un =(1—of)tn+o4(fiit U-Sia)ye), t=1-+ ,p-2, 
Woh = (L— aR atn + a2" fy + (E- Sp) tn). i) 


Theorem 2.1 lead to the following result. 

Theorem 2.2. Let p > 2 be fixed, X be a real Banach space , 7; : X — X be a strongly 
pseudocontractive map and S2,--- ,S,: X — X, such that the equation Siz = fi, 1 <i<p, 
have a common solution. If a, + € (0, 1—k), an € [0, 1) satisfies (5), and condition (7) is 
satisfied, then the iteration (18) converges strongly to a common solution of S;a = f;, 1<7i<p. 


Moreover, 
a 1—(1—2arT)")M 1 
ln — pl < (1 —2ar)"ljzo — a? + (GE 2AM 5 0, 
aT 

where M = sup{ gyaellTiyn — Titn4(|’}- 
§3. Numerical examples 

Let K=[0, 00) and X=(—oo, oo) with the usual norm. 

The map T: K — K is given by 

i “We eK (19) 
t= ——— E 
1+a)’ 


Then the following can easily be verified: 

(i) T is strongly pseudocontractive map. 

(ii) F(T) = {0}. 

We give an example where the modified multi-step Noor iteration (6) converges faster than 
the Ishikawa iteration (4) with {a,,} in both iterations, satisfying condition (5). 
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Case *. Consider T; = T, Tz = 22, p = 2 and the initial point zo=0.5. Suppose {a,,} 
satisfies (5) such that a, = 0.7, Vn € N. 

Using a Python program, we observe that our assumption (case *) converges faster and 
better towards the fixed point p = 0 as shown in below Table 1. 


Table 1: Numerical Results of Iteration 


Iteration modified Noor Ishikawa 
Step 10 0.00402 0.11729 
Step 15 0.00046 0.08388 
Step 18 0.00012 0.07157 
Step 19 0.00008 0.06822 
Step 20 0.00005 0.06517 
Step 25 0.0000 0.05324 
Step 1000 - 0.00143 
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§1. Introduction 


Let k& be a positive integer, for arbitrary integers h and m, n, the generalized Dedekind 
sums S(h,m,n,k) is defined by 


S(h,m,n, k) = SB (=) B, (=) 


where 
= B,(«—[z]), if x is not an integer, 
0, if x is an integer, 
with B,,(x) the Bernoulli polynomial. Some arithmetic theorems of generalized Dedekind sums 
have been studied in [1-2]. For simple examples: 
For any positive number q, we have 


S(qh,m,n, qk) = S(h,m,n, k). 


qm-1 


For a prime p, n an odd positive number, we have 


p-l 
1 1 
S¢ S(h + ik, m,n, pk) = (ams +r) S(h,m,n, k) - ——S(ph, m,n, k). 
Particularly, when p = 2, we have 
1 
S(h+k,m,n, 2k) = ane + 2) S(h,m,n,k) — 5nat 9 (2h, m,n, k) — S(h,m,n, 2k). 


!The work is supported by N.S.F. (No. 11171265) of P. R. China. 


102 Hangzhou Ma No. 1 


Partial sums method plays an important role in modern number theory. The common 
types of sums)>,,-,, f(m) are those in which f is a “smooth” function that is defined for real 
arguments x. In this paper, we use it in the process of estimating sums of Generalized Dedekind 
sums, namely 

S- ‘S(h,m,n,k). 
h<Nn 

The basic idea for handling such sums is to approximate the sum by a corresponding 
integral and investigate the error made in the process. The following important result, known 
as Euler’s summation formula, gives an exact formula for the difference between such a sum 
and the corresponding integral. 

Euler’s summation formula. Let 0 < y < x and suppose f(t) is a function defined on 


the interval [y,z] and has a continuous derivative there. Then 


x y 
D' ty=f peoaes [tf Wat+ WFO) - WF) 
y<N<a y = 
where {t} denotes the fractional part of t, i.e., {t} =¢— [t]. 
In 2006, Yiwei Hou studied the Dedekind Sums for m = n, namely S(h,m,n,k) = 
S(h,n,k). They gave the following fomulas: 
Let & be an integer with k > 3. Then for any positive real number JN, 
(i) If m > 1 is an odd number, then 
; (n!)? = 
So'sthank) = 5g ccanpc(n)k Ta — p-) 
h<Nn p\k 
+0 (Nhs +4 N2"p-2ntlte a6 ee) . 


(ii) If n is a positive even number, then 


Di’ sthnk) = 5g) c(2n)c(m)kT] 0 — >”) 


h<N pik 
+0 (N+ N77" Ate 4 N22 7 2ntite aA Sr) : 


Together with the method in Yiwei Hou |°l, the estimates of the character sums and the 
mean value theorems of Dirichlet [-function, we give two asymptotic formulas, namely 

Theorem 1.1. Let k be an integer with k > 3. Then for any positive real number N, we 
have 

(i) If m >1, n> 1 are odd numbers, then 


S- SRB) oS oimensaclm +n)¢(m)k [[a —p™) 


h<N p\k 
+0 (AU MRere + Nmtnrpo-m—ntlt+e + Neg Ts) : 
(ii) If m, n are positive even numbers, then 
2m!n! 
do S(hmynk) = A C(m+n)¢(m)k [0 - p™) 


(Qirym+r 
h<N pik 


+O (N + N-™KA+e 4 Nmtnrp-mantl+e 4. NMRA) 
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Where Ss” denotes the summation over all h < N such that (h,k) = 1, i? = -1l, cisa 
h<N 
sufficiently small positive real number which can be different at each occurrence. These results 


are obviously nontrivial for k° <.N < k!~*. 


§2. Some lemmas 


To complete the proof of the theorem, we need the following lemmas: 


Lemma 2.1. Let & > 3 be an integer. Then for any integer h with (h,k) = 1, we have 
the identities 


(i) For m, n positive odd numbers, 


4m!n! qtr 


S(ham.ns ) = eta) mae say, MME mx) E00.) 
x(-)=-1 
(ii) For m, n positive even numbers, 
4m!n! qmtn 4m\n! 
h, k; hA)L L(n, xX) -=———— ; 
S(hym.n.k) = Enea i (Dim) min wd) Pe, X(h)LM, YL) — Beye SlIMIG(M) 
x(-1)=1 


Where x denotes a Dirichlet character modulo d, L(n, y) denotes the Dirichlet L-function cor- 
responding to y, $(d) and ¢(s) are the Euler function and Riemann zeta-function, respectively. 


Proof. See reference [9]. 


Lemma 2.2. Suppose that k, a and X are positive integers, gq > 2, q|k, then for any real 
number g° < N < q'~* and any integers t > s > 2, we have the asymptotic formula 


Y YL Woon = Mansi -p) 
agN x mod q pla pik 
(ak)=1 y(—1)=(-1) 


+0 (oan + Den) 


Proof. (1) If \ = 1(mod2), y is an odd character mod gq, Abel’s identity implies that 


n POS Al: 
L(s, x) x(n) +5 OOH) ay, 
n<q = 
= x(m) we Bee) 
L(t, ¥) = aa +ef itt dz, 
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where A(y,y) = > x(n), BCX, 2) = ye X(m). Thus 


q<ngy L<mXz 


M 
ext 
25 
is 
H 
os 
= 
+ 
fal 
lI 

M 
el 
nS 

M 

pad 
= 
+ 
WwW 
— 
ne 
kato 
"|S 


x mod q x mod q n<q mn 
x(-1)=-1 x(-1)=-1 
x(m) T° B(x, 2) 
yf ae 
m<4 a 
= Z x(n) X(m) 
= S- X(a) ns mt 
x mod q nxq met 
x(-1)=-1 
7 x(n) “8 BOG?) 
+t » x(a) a (/ eae 
Cy Q4d 
= +00 4 
tS xO( OUP | (few) 
x mod q m<t me q y 
x(-1)=-1 7 
s T° A(x,9) +? BX, 2) 
ar » x(a) (/ yeti av) i ya a 
x mod a 
eee 


= M,+Mo+M34+ My, 
say. We then have 


YS DY x@Ls, Lx = SS (Mi + M2 + Ms + My). (1) 
ax<N x mod q ax<N 
(a,k)=1 x(-1)=-1 (a,k)=1 


We need to estimate M1, Mz, M3 and My, respectively. 
(i) For (q,mn) = 1, 


+4(q), if n=mmodgq, 


x x(n)xX(m) = —44(q), if n=—mmodq, 
oe 0, otherwise. 


We can deduce that when a > 2, 


x(n) x(m) 
M = 
1 oS x(a) ns mt 
x mod q n<q mgt 
x(-1)=-1 

_ oil j ook 1 j ; 1 

_ 5 9) os ys nemt 599) x nemt 
n<q m<t n<q mgt 
n=ma mod q n=—ma mod q 
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q 2 q 
so ete, 
ro (Faas +) + (ae) 
= freer o[[a-v) +0( 22) +0 (aaa) 


lq 


while in the case a = 1, the result holds with the last O-term not appearing. So that 


SM = WO e640) TT - 4) Xe a0 — So 1 


ax<N plq ax<N . ax<N 
(a,k)=1 (a,k)=1 (a,k)=1 
o(q) at 
+O 
q ay al[$))° 
(a,k)=1 
Note that 
1 
iain a _ ya? —s+l1 
4 = ds) [Ja-p) +0) 
axgN p\k 
(a,k)=1 
and 


where d(q — u) is the divisor function. Inserting (3) and (4) into (2), we have 


om = Mes+yes)T]a-voT]a-2-) 
a<N plq pik 
(a,k)=1 


+O (S2en) + O(d(q)N78*) 
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ax<N ax<N x mod q n<q 
(a,k)=1 (a,k)=1 yx(-1)=-1 


= bt YD w(o 


ax<N x mod q n<q 
(ak)=1 x(-1)=-1 


Em- Fey w(Ee) 


ax<N x mod q 


~ XAN 

= Ye Y wo (re 
agN x mod q n<q 
(a,k)=1 x(-1)=-1 


Note that 


: x(n) * B(X; 2) 
Ht wo (AO) (fre 
ax<N x mod q n<q a 

(a,k)=1 x(-1)=-1 


« «0 = f aa > So daz 


n<q f<agNn £<m<z<qt+t 
(a,k)=1 
n=+ma mod q 
1 f? Nzq® (9) 
< 0 a [hae < Dg, (7) 
=m Ja gz qd 
nq 


where we have used the fact that for any fixed positive integers | and m, the number of the 
solutions of equation an = lq + m (for all positive integers a and n) is < ¢°. 


On the other hand, 


yx (™ um) <oad! YA «ow, 


x mod q nq L<mXz n<q L<m<z<qt+4 
x(-1)=-1 n=+ma mod q 
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hence 


-+-0o 
- x(n) 7 1 
Sef | & w(D)ee2| sae 
ax q x mod q n<q 
(a,k)=1 x(-1)=-1 
PO 
< | OD a: < 9) yy. (8) 
gt 
ei q 
(a, 
With (7) and (8), we obtain 
S > Mp «? 09) iytg 2 (9) 
ax<N 
(a,k)=1 


(iii) Changing the order of the summation and the integration implies that 


+00 v(m 
me=sf | xa SP) acon] Sea 


x mod q met 


In order to estimate the integrand in M3, we may replace A(y, y) by S- x(n) and get 
n<y<q 


S xf 2) rm < @ YY S+oad v's 


x mod q m<t ney<q mee n<q mee <q 
x(-1)=-1 n=—ma mod q n=ma mod q 
«< (9). 
So that 


-+-o0o vim 
S- M3; = 5s S- / S- X¥(a) xt) Ss x(n) ity 


agNn ax<N “4 x mod q met nxy<q 
(a,k)=1 (a,k)=1 x(-1)=-1 
aC) (4) 
« / dy « SSN. (10) 
axNn 74 y qd 
(a,k)=1 


ae Alice) 78 BOE 2) 
2 stl ay) | getl dz 
q y 2 


Oo] 
s 
| 
M 
M 
esl 
= 
ia 
>=— 
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+00 p+oo 
«ff | Oe LL xeon) Serge 


2<a<gN £<m<z q<n<y x mod q 
(a,k)=1 x(-1)=-1 


< (4 ff y LY yn ae 


q 
a oe t<m<ttq n<q 
(a,k)= 
n=+ma mod q 


2 


< ¢(q) =p N= ed < (4) De, (11) 
q : q yet gttl yas qett-l 


q 


N 


The lemma for A = 1(mod2) follows from (1), (5), (6), (10) and (11). 
(2) If A = 0(mod2), x is an even character mod gq. Note that when (g,mn) = 1, 


o(q), if n=+mmodgq, 


1 
2 
0, otherwise. 


Using the same methods as previous, we can easily obtain the lemma for this case. This 
completes the proof of the lemma. 


§3. Proof of the theorem 


In this section, we will complete the proof of the theorem. 


(i) If m, n are odd numbers with m, n > 1, we will get from 1) of Lemma 2.1 that 


qr 


‘Sthimnk) = So" |emamcttgrymen Do gig Le XA) E(m, x)L(0,%) 
d|k 


h<N h<N x mod d 


x(-1)=-1 
4m!n! 
km+n— 1 (2iz) m+n+2 dK 


oo. S> x(A)L(m, x)L(n, x). 


h<N xmodd 
x(-1)=-1 


qmtn 


From Lemma 2.2, we can deduce that 


5°’ S(h, m,n, k) 


h<N 


4m!n! d™*” | d(d ee a 
> Eee Lae com + nyc(m) [Ta —"—") Ta) 


p\d p\k 
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+0 (wow ol +4(da (5}")] 


2m!n! m+n —m—n —m 
= jrecrygpymanncln-+ nel) art” TT a — ry Ta) 
d|k pid pik 
1 N —n+1 N n 
+O aes a {5} +4 yo 14} . (12) 
d|k dk 
Note 
S- q@tn [a _ oo) = pore, (13) 
dk pid 
N —m+1 N —1+1 N —m+1 
a {5} = » qrtt {5} a > qrti {7} 
dk d dk d dk d 
d>N d<N 
N —m+1 1 —m+1 
nm+1 nm+1 
« Sod (3) +Sod (=) 
aon den 
< N7Mmpmrntite 4+ N™T pe (14) 
and 
N n 
ee (5) ie (15) 
dk 


the last O-term of (12) can be estimated as 


1 N —m+1 N n 
kmtn-1 >» an" { x} oe 2 er { x} 


alk d|k 
<K N7™ Kt zi Nmtnp-m—nt+lte ape Nv ttite (16) 


Combining with (12) and (13), we get the first part of the theorem. 


(ii) If m, n are positive even numbers, we will get from (ii) of Lemma 2.1 that 


So! Slim; k) 


h<N 


4 In! qmtn 
= ~~ kmt+n— op m+n ae b( d) so X(—h)L(m, x) L(n, xX) 


hon x mod dx(—1)=1 
4m!n! 
+ opm clnyccn)] 
mili! +n 
= ior, ae ae 5S )L(n,X) +O(N). (17) 


h<N x mod d 
x(-=1 
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Lemma 2.2 indicates that 


2m!n! 


So'S(h,m,n,k) = rel gram tn)¢(m) So a™" Tf (1—p ™*") [[a-p™) 
hen dk pld pik 
1 ae ae N)\" 
m+1 ae m+n+e oa 
oO | eet d4 {a} 2 {>} + O(N). 


We apply the same methods of (i) in the theorem to obtain (ii). This completes the proof 
of the theorem. 
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Abstract If » is a nonzero isolated point of the spectrum of k*-paranormal operator T for 
a positive integer k, then the Riesz idempotent operator E of T’ with respect to X satisfies 
E)H = ker(T — X) = ker(T'— X)* and £) is self-adjoint. We prove that if T is an algebraically 


k*-paranormal operator for a positive integer k, then spectral mapping theorem and spectral 


mapping theorem for essential approximate point spectrum hold for 7’, Generalised Weyl’s 
theorem holds for T’ and other Weyl type theorems are discussed. 


Keywords k*-paranormal, algebraically k*-paranormal, Generalised Weyl’s theorem, Pola- 
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§1. Introduction and preliminaries 


Let B(H) be the Banach algebra of all bounded linear operators on a non-zero complex 
Hilbert space H. By an operator JT’, we mean an element in B(H). If T lies in B(H), then 
T* denotes the adjoint of T in B(H). The ascent of T denoted by p(T), is the least non- 
negative integer n such that kerT” = kerT"*!. The descent of TJ’ denoted by q(T) is the 
least non-negative integer n such that ran(T”) = ran(T"*?). T is said to be of finite ascent if 
p(T —AX) < ov, for all \ € C. If p(T) and q(T) are both finite then p(T) = q(T) ({11], Proposition 
38.3), Moreover, 0 < p(AI — T) = q(AI — T) < ~& precisely when 4 is a pole of the resolvent of 
T. 

An operator T is said to have the single valued extension property (SVEP) at Xo € C, if 
for every open neighborhood U of Xo, the only analytic function f : U — X which satisfies the 
equation (AI — T) f(A) = 0 for all A € U is the function f = 0. An operator T is said to have 
SVEP, if T has SVEP at every point \ € C. An operator T is called a Fredholm operator if 
the range of T denoted by ran(T) is closed and both ker T and ker T™* are finite dimensional and 
is denoted by T € ®(H). An operator T is called upper semi-Fredholm operator, T € ®4(#), if 
ran(T) is closed and ker T is finite dimensional. An operator T is called lower semi- Fredholm 
operator, T € ®_(H), if ker T™* is finite dimensional. The index of a semi-Fredholm operator is 
an integer defined as ind(T) = dim ker T — dim ker T*. An upper semi-Fredholm operator, with 
index less than or equal to 0 is called upper semi-Weyl] operator and is denoted by T € ®)(#). 
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A lower semi-Fredholm operator with index greater than or equal to 0 is called lower semi-Wey] 
operator and is denoted by T € ®+(H). A Fredholm operator of index 0 is called Weyl operator. 

An upper semi-Fredholm operator with finite ascent is called upper semi-Browder operator 
and is denoted by T € B;(H) while a lower semi-Fredholm operator with finite descent is 
called lower semi-Browder operator and is denoted by T € B_(H). A Fredholm operator with 
finite ascent and descent is called Browder operator. Clearly, the class of all Browder operators 
is contained in the class of all Weyl operators. Similarly the class of all upper semi-Browder 
operators is contained in the class of all upper semi-Weyl operators and the class of all lower 
semi-Browder operators is contained in the class of all lower semi-Weyl operators. An operator 
T is Drazin invertible, if it has finite ascent and descent. 

For an operator T and a non-negative integer n, define Tj, to be the restriction of T 
to R(T”) viewed as a map from R(T") into R(T”). In particular, Tig) = T. If for some 
integer n, R(T”) is closed and Tj,) is an upper(resp. a lower) semi-Fredholm operator, then 
T is called an upper(resp. lower) semi-B-Fredhom operator. Moreover if Tjpj is a Fredholm 
operator, then T is called a B-Fredholm operator. A semi-B-Fredholm operator is an upper or 
a lower semi-B-Fredholm operator. The index of a semi-B-Fredholm operator T is the index 
of semi-Fredholm operator Tjq), where d is the degree of the stable iteration of T’ and defined 
as d = inf{n € N; for allm € N, m>n=> (R(T")NN(T)) C (R(T™) ON N(L))}. T is called 
a B-Wey] operator if it is B-Fredholm of index 0. 

The spectrum of T is denoted by o(T), where 


o(T) = {A €C:T-—ATL is not invertible}. 
The approximate point spectrum of T is denoted by o,(T'), where 
Oa(L) = {A EC: T — XI is not bounded below}. 
The essential spectrum of T is defined as 
o-(T) ={A€C:T-—AL is not Fredholm}. 
The essential approximate point spectrum of T is defined as 
Geo(T)={AEC:T—AT EO, (Hh. 
The Weyl spectrum of T’ is defined as 
w(T) = {A€C:T— AI is not Weyl}. 
The Browder spectrum of T' is defined as 
o(T) = {A €C:T— XI is not Browder}. 


The set of all isolated eigenvalues of finite multiplicity of T is denoted by 79(T’) and the 
set of all isolated eigenvalues of finite multiplicity of T in o,(T) is denoted by 7§,(T). poo(T) is 
defined as poo (T') = o(T) —0y(T). E(T) denotes the isolated eigenvalues of T with no restriction 
on multiplicity. 
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The B-Weyl] spectrum opw(T) of T is defined by 
opw(T) ={rA€ C: T — AL is not a B-Weyl operator}. 
We say that Weyl’s theorem holds for T ©! if T satisfies the equality 
o(T) — w(T) = moo(T) 
and a-Weyl’s theorem holds for T [17] if T satisfies the equality 

a(L’) — Gea(T) = m0(T). 
We say that T satisfies generalized Weyl’s theorem | if 

o(T) — opw(T) = E(T). 
We say that T’ satisfies property (w) if 

q(T’) — Gea(T) = To0(T) 


and T satisfies property (b) if 
oa(T) = Cea(T) = poo(T). 


By [7], if Generalized Weyl’s theorem holds for T, then Weyl’s theorem holds for T. 

An operator T is called normaloid if r(T’) = ||T'||, where r(T) = sup{|A| : A € o(T)}. An 
operator T is called hereditarily normaloid, if every part of it is normaloid. 

An operator T is called polaroid if isoo(T) C m(T’), where 7(T) is the set of poles of the 
resolvent of T and isoa(T) is the set of all isolated points of o(T’). An operator T is said to be 
isoloid if every isolated point of o(T) is an eigenvalue of T. An operator T is said to be reguloid 
if for every isolated point of o(T), AI — T is relatively regular. An operator T is known as 
relatively regular if and only if kerT and T(X) are complemented. Also Polaroid > reguloid 
=> isoloid. 

K. S. Ryoo and P. Y. Sik defined k*-paranormal operators in [18], k being a positive integer 
and showed that *-paranormal operators form a proper subclass of k*-paranormal operators for 
k > 3, and k*-paranormal operators are normaloid. 

In this paper, we prove that k*-paranormal operators have H property and if 0 4 A is an 
isolated point of the spectrum of k&*-paranormal operator T for a positive integer k, then the 
Riesz idempotent operator E of T with respect to 2 satisfies Ey, H = ker(T — A) = ker(T — A)*. 
We also show that if T is k*-paranormal operator, then T is polaroid and Weyl’s theorem hold 
for both T and 7*. If in addition T* has SVEP, then a-Weyl’s theorem hold for both T’ and 
T* and also for f(T) for every f € H(o(T)), the space of all analytic functions on an open 
neighborhood of spectrum of T. 

We define algebraically k*-paranormal operators and prove that if Tis algebraically k*- 
paranormal, then Generalised Weyl’s theorem hold for T’ and Weyl’s theorem hold for 7’ and 
f(T), for every f € H(o(T)), T is polaroid and hence has SVEP. We prove that if either 
T or T™* is algebraically k*-paranormal, then spectral mapping theorem holds for essential 
approximate point spectrum of T. Other Weyl type theorems are also discussed. 
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§2. Definition and properties 


In this section, we charecterise k*-paranormal operators and using Matrix representation, 
we prove that the restriction of k*-paranormal operators to an invariant subspace is also k*- 
paranormal and ker(T — X) C ker(T' — A)*. 

Definition 2.1.!'8] An operator T is called k*-paranormal for a positive integer k, if for 
every unit vector x in H, ||7*<|| > \|T* al)” : 

Example 2.1. Let H be the direct sum of a denumerable number of copies of two dimen- 
sional Hilbert space R x R. Let A and B be two positive operators on R x R. For any fixed 
positive integer n, define an operator T = T'4,8,, on H on as follows: 


T((21, T2,U3,°°° ) = (0, A(z1), A(z2), — , A(rn), B(tn41), ie ). 
Its adjoint T* is given by 


T*((a1, fo, 2a; : ee) = (A(a2), A(@3),°°- ,Aen); Bteei)s * -). 


Let A and B are positive operators satisfying A? = C and B* = D, where C = 


2 
and D= , then T = T'4\8,n is of k*-paranormal for k = 1. 


Theorem 2.1.!'8] For k > 3, there exists a k*-paranormal operator which is not *- 
paranormal operator. 
Theorem 2.2.!!8! If T is a k*-paranormal operator, then T is normaloid. 
Theorem 2.3. An operator T is k*-paranormal for a positive integer & if and only if for 
any pp > 0, 
Tre — kp 7 T* + (bk —1)p* > 0. 


Proof. Let u > 0 and x € A with ||x|| = 1. Using arithmetic and geometric mean 


inequality, we get 


mag fae) + A (ura) = ane re? z,2)* ine 
= |[r*||* 
> ||T*e\|° 
= (TT"z,2). 
Hence 
aa (\r*/? aa) (k — Vi Ge, 2) (TT "x, 2) > 0. 


=> aaa Guat) 7 amma i hia eee WY eC 


Conversely assume that T**T* — ku*-1TT* + (k —1)p* > 0. 
If ||T*2|| = 0, then the k*-paranormality condition is trivially satisfied. 
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If x € H with ||T*2|| 40 and ||x|| = 1, taking p = ||T*2||* , we get 
\|P¥al| > |T*2l|*. 


Hence T is k*-paranormal. 
Theorem 2.4. If T € B(H) is a k*-paranormal operator for a positive integer k, T 
T, 12 
does not have a dense range and T has the following representation: T= 0 T on 
H = ran(T) © ker(T*), then T; is also a k*-paranormal operator on ran(T) and T3 = 0. 
Furthermore, o(T) = o(T,) U {0}, where o(T’) denotes the spectrum of T. 


T O 
Proof. Let P be the orthogonal projection onto ran(T’). Then * =TP=PTP. 
0 0 


Since T is of k*-paranormal operator, by Theorem 2.3, 
P(**T* — ku “7 T* + (k- 1p") P > 0. 


Hence 
TET — kp*-* (TTS + ToTS) + (k— 1p* > 0. 


Hence 
TrPTR — kp Ty Ts + (be — Dp® > kp* |e? > 0. 


Hence T; is also k*-paranormal operator on ran(T). 


x 
Also for any x = : , (T3x%2, 22) = (T(I — P)x, (I -— P)x) = (I — P)x, T*(U — P)x) = 
2 
0. Hence T3 = 0. By ({10], Corollary 7), 0(T1) Uo(T3) = o(L) Ur, where 7 is the union of cer- 
tain of the holes in o(T’) which happen to be a subset of o(T)(}o(T3), and o(T;) (\o(T3) has 
no interior points. Therefore o(T) = o(T1) Uo(Ts) = o(T1) U {0}. 
Theorem 2.5. If T is k*-paranormal operator for a positive integer k and M is an ivariant 


subspace of T, then the restriction T),y is k*-paranormal. 


T, O 
Proof. Let P be the orthogonal projection onto M. Then : =TP=PTP. 
0 O 


Since T is of k*-paranormal operator, by Theorem 2.3, 
PErteT* — ka TT* + (k= 1p )P > 0, 
Hence 
TreTP — ky®-\(T, Tt + ToTs) + (k —1)p* > 0. 
Hence 
TOT = ha hae fe la She ee Pu 


Hence 7}, i.e., T),y is also k*-paranormal operator on M. 


Theorem 2.6. If T is k*-paranormal operator for a positive integer k, 0 4 \ € op(T) and 
: A Tp ee 
T is of the form T = on ker(T' — A) @ ran(T — A)*, then 
0 Ts 
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(i) Tz =0, 
(ii) T3 is k*-paranormal. 
A To : 
Proof. Let T = on ker(T’ — A) @ ker(T — A)*. Without loss of generality 
0 T3 


assume that A = 1. Then by Theorem 2.3 for pw = 1, 


xX Y 
Y* Z 


O< T**T* — ky TT* + (k—1)p* = 


where X = —ThT#, Y = Th+T,T3+---+T TE -1—kTQT# and Z = Y*Y +T3* TF —kTgT3+(b-1). 


xX Y 
A matrix of the form os > 0 if and only if X >0, Z>Oand Y = X!/?2WZ!/?, for 
some contraction W. Therefore T>T3 = 0 and T3 is k*-paranormal. 
Corollary 2.1. If T is k*-paranormal operator for a positive integer k and (T — A)x = 0 
for \ #0 and « € H, then (T — A)*x = 0. 
Corollary 2.2. If T is k*-paranormal operator for a positive integer k, 0 4 \ € o,(T), 


vA 0 oe 
then T is of the form T = on ker(T — A) @ran(T — A)*, where T3 is k*-paranormal 


0 Ts 
and ker(T3 — A) = {0}. 


§3. Spectral properties 


If A € isoo(T), the spectral projection (or Riesz idempotent) FE, of T with respect to » 
is defined by Ey = 3; Jyp(z — T)~1 dz, where D is a closed disk with centre at A and radius 
small enough such that D()o(T) = {A}. Then EX = Ey, ExT = TE,, o(Tjn, 4) = {A} and 
ker(T — A) C BH. 

In this section, we show that k*-paranormal operators have (H) property and if A € o(T) 
is an isolated point, then £ with respect to A is self-adjoint and satisfies Ey, H = ker(T — A) = 
ker(T’ — A)*. Weyl’s theorem hold for both T and T* and if T* has SVEP, then a-Weyl’s 
theorem hold for both T and T*. 

Theorem 3.1. If T is k*-paranormal operator for a positive integer k and for A € 
C, o(T) = A then T = X. 

Proof. If \ = 0, then since k*-paranormal operators are normaloid ({18], Theorem 9), 
T = 0. Assume that \ 4 0. Then T is an invertible normaloid operator with o(T) = 4. 
T, = +T is an invertible normaloid operator with o(T,) = {1}. Hence T; is similar to an 
invertible isometry B (on an equivalent normed linear space) with o(B) = 1 ({12], Theorem 2). 
T; and B being similar, 1 is an eigenvalue of T,; = +T ((12], Theorem 5). Therefore by theorem 
1.5.14 of [14], 7) =I. Hence T = X. 

Theorem 3.2. If T is k*-paranormal operator for some positive integer k, then T' is 
polaroid. 

Proof. If \ € isoo(T) using the spectral projection of T with respect to A, we can write 
T = T; ® Tz where o(T,) = {A} and o(T2) = o(T) — {A}. Since T, is k*-paranormal operator 


Vol. 8 Generalised Weyl and Weyl] type theorems for algebraically k*-paranormal operators 117 


and o(T,) = {A}, by Theorem 3.1, T; = X. Since A ¢ o(T2), Tz — AJ is invertible. Hence both 
T, — AT and T> — AI and hence T — XJ have finite ascent and descent. Hence A is a pole of the 
resolvent of T. Hence T is polaroid. 

Corollary 3.1. If T is k*-paranormal operator for some positive integer k, then T' is 
reguloid. 

Corollary 3.2. If T is k*-paranormal operator for some positive integer k, then T' is 
isoloid. 

Theorem 3.3. If T is k*-paranormal operator for a positive integer & and X € o(T) is 
an isolated point, then the Riesz idempotent operator E) with respect to A satisfies E,H = 
ker(T — A). Hence X is an eigenvalue of T. 

Proof. Since ker(T’ — ») C EH, it is enough to prove that E,H C ker(T — A). Now 
o(T\e, 4) = {A} and T)gz, x4 is k*-paranormal. Therefore by Theorem 3.1, T)z, 7 = A. Hence 
E)H = ker(T — 4). 

Theorem 3.4. Let T be a k*-paranormal operator for a positive integer k and \ 4 0 be an 
isolated point in o(T). Then the Riesz idempotent operator E with respect to A is self-adjoint 
and satisfies Ey H = ker(T — A) = ker(T — \)*. 


1 iT: 
Proof. Without loss of generality assume that A = 1. Let T = . on ker(T’ — 
0 Ts 


d) @ ran(T — A)*. By Theorem 2.6, Tz = 0 and T3 is k*-paranormal. Since 1 € isoo(T), 

either 1 € isoo(T3) or 1 ¢ o(T3). If 1 € isoo(T3), since Tz is isoloid, 1 € o,(T3) which 

contradicts ker(T3 — A) = {0} ( by Corollary 2.2). Therefore 1 ¢ o(T3) and hence T3 — 1 is 

invertible. Therefore T — 1 = 0 (T3—1) is invertible on H and ker(T — 1) = ker(T —1)*. Also 
-1 

Ey = 57 fan (2l-T) dz = 55 fan oo i ( oo dz= . Therefore 

E) is the orthogonal projection onto ker(T' — ) and hence F) is self-adjoint. 

Let T € L(X) be a bounded operator. T is said to have property (H) if Hp(AJ — T) = 
ker(AI — T), where H)(T) = {a € X: lim, [TP aI)1/" = 0}. By [13], E,W = Hp(AI - T). 
Hence by Theorem 3.3, &*-paranormal operators have (H) property. Hence by Theorems 2.5, 
2.6 and 2.8 of [3], we get the following results: 

Theorem 3.5. If T is k*-paranormal operator for some positive integer k, then T’ has 
SVEP, p(AI —T) < 1 for all \ € C and T™ is reguloid. 

Theorem 3.6. If T is &*-paranormal operator for some positive integer k, then Weyl’s 
theorem holds for T and 7%. If in addition, T* has SV EP, then a-Weyl’s theorem holds for 
both T and T*. 

Theorem 3.7. If 7 is k*-paranormal operator for some positive integer k and T* has 
SV EP, then a-Weyl’s theorem holds for f(T’) for every f € H(a(T)). 


§4. Algebraically k*-paranormal operators 


In this section, we prove spectral mapping theorem and essential approximate point spectral 
theorem for algebraically k*-paranormal operators and also show that they are polaroids. 
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Definition 4.1. An operator T is defined to be of algebraically &*-paranormal for a 
positive integer k, if there exists a non-constant complex polynomial p(t) such that p(T) is of 
class &*-paranormal. 

If T is algebraically k*-paranormal operator for some positive integer k, then there exists 
a non-contant polynomial p(t) such that p(T) is &*-paranormal. By the Theorem 3.5, p(T) is 
of finite ascent. Hence p(T) has SVEP and hence T has SV EP ((14], Theorem 3.3.6). 

Theorem 4.1. If T is algebraically k*-paranormal operator for some positive integer k 
and o(T) = uo, then T — po is nilpotent. 

Proof. Since T is algebraically &*-paranormal there is a non-constant polynomial p(t) 
such that p(T) is k*-paranormal for some positive integer k, then applying Theorem 3.1, 


o(p(T)) = p(o(T)) = {p(uo)} implies p(T) = p(uo).- 
Let p(z) — p(uo) = a(z — fo)" (z — pir)" +++ (2 — pe) ** where py A us for j # 8. 

Then 0 = p(T)—p(Ho) = a(T—po)*° (Tp) +» (Tp). Since T—p1, T—pa, ++, T—p 
are invertible, (T — jo)*° = 0. Hence T — suo is nilpotent. 

Theorem 4.2. If T is algebraically k*-paranormal operator for some positive integer k, 
then w(f(T)) = f(w(T)) for every f € Hol(a(T)). 

Proof. Suppose that T is algebraically k*-paranormal for some positive integer k, then 
T has SVEP. Hence by ([11], Proposition 38.5), ind(T — A) < 0 for all complex numbers A. 
Now to prove the result it is sufficient to show that f(w(T)) C w(f(T)). Let A € f(w(T)). 
Suppose if AX ¢ w(f(T)), then f(T) — AI is Weyl and hence ind(f(T) — A) = 0. Let f(z) —A = 
(z — A1)(z — Ag)... (2 — An)g(z). Then f(T) — A = (LT = Ay)(L — Ag): ++ (LF = An)g(T) and 
ind( f(T) — A) = 0 = ind(T — Ay) + ind(T — Az) +--+ + ind(T — Ax) + indg(T). Since each of 
ind(T — Ax) < 0, we get that ind(T — A;) = 0, for all i = 1, 2,--- , n. Therefore T — ; is weyl 
for each 1 = 1, 2,---,. Hence \; ¢ w(T) and hence A ¢ f(w(T)), which is a contradiction. 
Hence the theorem. 

Theorem 4.3. If T or T* is algebraically k*-paranormal operator for some positive integer 
k, then Oca (f(T)) = f (Gea(T)) - 

Proof. For T € B(H), by [16] the inclusion oa (f(T)) C f (cea(T)) holds for every 
f € H(o(T)) with no restrictions on T. Therefore, it is enough to prove that f (oea(T)) C 
ea (f(T). 

Suppose if \ ¢ dea (f(T)) then f(T) —A € ©) (A), that is f(T) — A is upper semi-Fredholm 
operator with index less than or equal to zero. Also f(T’)—A = c(T—ay) (T—az2)---(T—an)g(T), 
where g(T) is invertible and c, a1, Q2,:+: ,Qn EC. 

If T is algebraically &*-paranormal for some positive integer k, then there exists a non- 
constant polynomial p(t) such that p(T) is k*-paranormal. Then p(T) has SVEP and hence 
T has SVEP. Therefore ind(T' — a;) < 0 and hence T — a; € ®,(H) for each i = 1,2,--- ,n. 
Therefore \ = f(ai) ¢ f (oea(T)) . Hence oea (f(T)) = f (Cea(T)) - 

If T* is algebraically k*-paranormal for some positive integer k, then there exists a non- 
constant polynomial p(t) such that p(Z™) is k*-paranormal. Then p(7*) has SV EP and hence 
T* has SVEP. Therefore ind(T — a;) > 0 for each i = 1,2,--- ,n. Therefore 0 < N?_,ind(T — 
a;) = ind(f(T) — A) < 0. Therefore ind(T — a;) = 0 for each i = 1,2,---,n. Therefore 
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T — a; is Weyl for each i = 1,2,--- ,n. (T — ai) € &{(H) and hence a; ¢ oeq(T). Therefore 
A= f(ai) ¢ f (Gea(T)) . Hence oea (f(T)) = f (tea(T)) - 

Theorem 4.4. If T is algebraically k*-paranormal operator for some positive integer k, 
then T is polaroid. 

Proof. If \ € isoo(T) using the spectral projection of T with respect to A, we can write 
T = T,®T> where o(T;) = {A} and o(T2) = o(T)— {A}. Since T; is algebraically &*-paranormal 
operator and o(T\) = {A}, by Theorem 4.1, T, — XI is nilpotent. Since A ¢ o(T), Tz — AT is 
invertible. Hence both T, — AJ and Ty — AI and hence T — AI have finite ascent and descent. 
Hence J is a pole of the resolvent of J. Hence T is polaroid. 

Corollary 4.1. If T is algebraically k*-paranormal operator for some positive integer k, 
then T is reguloid. 

Corollary 4.2. If T is algebraically k*-paranormal operator for some positive integer k, 
then T is isoloid. 


§5. Generalised Weyl’s theorem and other Weyl type the- 


orems 


In this section, we prove Generalised Weyl’s theorem for algebraically k*-paranormal op- 
erators and discuss other Weyl type theorems. 

Theorem 5.1. If T is algebraically k*-paranormal operator for some positive integer k, 
then generalized Weyl’s theorem holds for T. 

Proof. Assume that \ € o(T)—opw(T), then T — A is B-Wey] and not invertible. Claim: 
\ € Oo(T). Assume the contrary that \ is an interior point of o(T). Then there exists a 
neighborhood U of A such that dim N(T — yu) > 0 for all « in U. Hence by ([9], Theorem 10), 
T does not have SVEP which is a contradiction. Hence  € 00(T) — opw(T). Therefore by 
punctured neighborhood theorem, \ € E(T). 

Conversely suppose that \ € F(T). Then A is isolated in o(T). Using the Riesz idempotent 
E) with respect to A, we can represent T as the direct sum T = i. ’ where o(T,) = {A} 

2 

and o(T2) = o(T) — {A}. Then by Theorem 4.1, T; — A is nilpotent. Since \ ¢ o(T2), Tz — X is 
invertible. Hence both 7; — \ and T> — have both finite ascent and descent. Hence T — has 
both finite ascent and descent. Hence T’—. is Drazin invertible. Therefore, by ([6], Lemma 4.1), 
T —X is B-Fredholm of index 0. Hence \ € o(T’) —ogw(T). Therefore o(T)—opw(T) = E(T). 

Corollary 5.1. If T is algebraically k*-paranormal operator for some positive integer k, 
then Weyl’s theorem holds for T. 

By ([4], Theorem 2.16) we get the following result: 

Corollary 5.2. If T is algebraically k*-paranormal for some positive integer k and T* has 
SVEP then a-Weyl’s theorem and property(w) hold for T. 

Theorem 5.2. If T is algebraically k*-paranormal operator for some positive integer k, 
then Weyl’s theorem holds for f(T’), for every f € Hol(a(T)). 
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Proof. For every f € H(o(T)), 


o(f(T)) —mool(f(T)) = F(o(F)—moo(L)) by ( [15], Lemma ) 
= f(w(T)) by Theorem 5.2. 
= uw(f(T)) by Theorem 4.3. 


Hence Weyl’s theorem holds for f(T’), for every f € H(a(T)). 

If T* has SV EP, then by ({1], Lemma 2.15), oea(T’) = w(TL) and o(T) = o,(T). Hence we 
get the following results: 

Corollary 5.3. If T is algebraically k*-paranormal for some positive integer & and if in 
addition T* has SVEP, then a-Weyl’s theorem holds for f(T) for every f € H(o(T)). 

Corollary 5.4. If T* is algebraically k*-paranormal for some positive integer k, then 
w(f(T)) = f (w(T)). 

By ([1], Theorem 2.17), we get the following results: 

Corollary 5.5. If T is algebraically k*-paranormal for some positive integer k and T* has 
SVEP then property (b) hold for T. 

Corollary 5.6. If T is algebraically k*-paranormal for some positive integer k, Weyl’s 
theorem, a-Weyl’s theorem, property (w) and property (b) hold for T™*. 
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